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Abstract 
 
The assessment of right ventricular tricuspid annular velocities and excursion is a robust and 
common technique of evaluating right ventricular function. The measurement of peak systolic 
myocardial velocities using pulsed wave tissue Doppler imaging correlates well with 
estimates of systolic function. It is well known that right ventricular velocities are 
significantly reduced in patients following cardiac surgery; however the precise cause of this 
post-operative phenomenon remains unknown despite a number of proposed mechanisms. In 
this thesis I have carried out observational studies before, during and after surgery in number 
of patients undergoing different cardiac and thoracic operations.  
I found using intra-operative transoesophageal and pre and post-operative transthoracic 
echocardiography that the onset of right ventricular myocardial velocity reduction is 
immediately marked by the full opening of the pericardium following traditional-midline 
thoracotomy. I also identified that this reduction is present in all operations where the 
pericardium is opened fully regardless of the underlying pathology i.e. cardiac or non-
cardiac. By measuring simultaneous pericardial support pressures and intra-operative 
transoesophageal velocities during a staged pericardiotomy I also showed, in patient where 
there pericardium was to be opened fully, that this loss occurs consistently and specifically 
during the second-stage of a three-staged pericardiotomy which demonstrated in a novel way 
the substantial and localised mechanical support provided by the intact pericardium. 
Furthermore, I found that right ventricular longitudinal velocities do not reduce in those 
patients undergoing minimally invasive cardiac surgery where pericardial integrity is 
preserved.  
I believe this thesis has helped to prune the range of possible mechanism for this post 
operative phenomenon which is frequently seen and commented upon. 
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1.1   Right ventricular function following surgery 
It is a well known echocardiographic finding that after cardiac surgery right ventricular long 
axis performance is markedly reduced (Alam et al, 2003and Mishtra et al, 1998). The precise 
cause of this postoperative phenomenon is not clear, although many hypotheses have been 
proposed (Brookes et al, 1998; Carr-White et al, 1999). 
Moreover, unlike the transient reduction which has been reported in left ventricular function 
(Mangano et al, 1989; Roberts et al, 1981; and Kloner et al, 1994), the reduction in right 
ventricular long axis velocities is not a transient observation as it still persists one year after 
surgery (Alam et al, 2003). 
The spectrum of potential mechanisms that have been proposed is wide, but the precise cause 
of this commonly seen post operative reduction in right ventricular long axis performance 
still remains unknown.       
 
1.1.1   Cardioplegia 
There has been a series of studies which have reviewed the process of cardioplegia, however 
they have produced conflicting results regarding: the best type of infusion, infusion 
temperature and mode of delivery and whether it is used at all (i.e. on pump versus off 
pump). 
 
1.1.1.2 Crystalloid cardioplegia versus blood cardioplegia 
Mullen (1987) looked at both crystalloid and blood cardioplegia to ascertain which method 
most limited RV haemodynamic recovery. Mullen reported that LV performance was better 
using blood cardioplegia but found no difference in RV performance between either method 
(Mullen et al, 1987). Rinnie (1993) only found that with blood cardioplegia there was 
associated spontaneous resumption of normal cardiac rhythm, unlike that of crystalloid 
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cardioplegia (Rinnie et al, 1993). A clinical comparative study between crystalloid and 
blood-based cardioplegic solutions conducted at St Thomas’ Hospital, London reported that 
in higher risk surgical patients (EF<40%), the addition of blood to an established crystalloid 
solution significantly enhanced myocardial protection by reducing arrhythmias (Ibrahim et al, 
1999). However more recently, Guru (2006) conducted a systematic review to determine 
whether there was a difference in clinical cardiac outcomes and cardiac markers of ischaemia 
between either blood or crystalloid methods. Guru showed that blood cardioplegia provided 
superior myocardial protection with fewer events of low cardiac output syndrome and an 
earlier CKMB increase, but could find no difference in the incidence of myocardial infarction 
and death (Guru et al, 2006).      
 
 
1.1.1.3  Warm versus cold cardioplegia 
There have been many debates to determine the optimal cardioplegia temperature, which will 
provide the most effective myocardial protection. The technique of using warm cardioplegia 
(37°) was first introduced in the 1970’s as it was considered the most effective method for 
providing myocardial protection (Follette et al, 1977). Intermittent perfusion of warm blood 
cardioplegia was later introduced in the 1980’s (Rosenkranz et al, 1983 and Ikononmidis et 
al, 1992) but debates over the optimal temperature to ensure the best possible myocardial 
protection continue. 
There are a few cardioplegia temperature studies located within the literature that are right 
ventricular specific, as the term ‘myocardial protection’ usually encombasses both left a right 
ventricular chambers. Christakis (1996) observed the effects of intermittent antegrade warm 
blood cardioplegia on right ventricular function. Christakis showed, even in patients where 
warm blood cardioplegia was temporarily suspended to improve visibility during the 
construction of distal anastamoses and despite there being periods of right ventricular 
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normothermic ischaemia, that warm cardioplegia maintained right ventricular 
haemodynamics after bypass (Christakis et al,1996). 
Another study assessed the right ventricular biopsy specimens of twelve anaesthetised dogs, 
that were randomised to receive either continuous warm, or intermittent cold cardioplegia 
protection. The biopsy specimens were assessed for morphologic changes using electron 
microscopy and assessed for adenosine triphosphate, creatine phosphate, and lactate levels 
(Kamalot, et al, 1997). Specimens were taken before and 90 minutes and 180 minutes after 
cross clamping the aorta. Results showed that both methods preserved the ultrastructure of 
the myocytes during 3 hour cross clamp, but alternated retrograde and antegrade perfusion 
might be beneficial over retrograde cardioplegia alone in protecting the right ventricle. 
However, despite the reported findings presented by biopsy studies, a recently published 
meta-analysis, which analysed the results of 41 randomised control trials including 5879 
patients, found that there was no statistical difference in the incidence of clinical events 
between those patients receiving cold cardioplegia and those receiving warm cardioplegia 
(Fan et al, 2010). 
 
 
1.1.1.4   Mode of delivery  
Cardioplegia can be delivered by either inserting a cannula either directly into a coronary 
artery or into the coronary sinus. During the anterograde approach a cannula is inserted into 
the proximal aorta where cardioplegia solution can be infused directly into the coronary 
arteries, while in the retrograde approach a cannula is inserted in the right atrium and 
cardioplegia solution is infused directly into the coronary sinus. 
There has been much interest in determining which method of cardioplegia delivery is the 
most effective in providing optimal myocardial protection. 
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Retrograde cardioplegia was first introduced into clinical practice by Lillehei et al (1968) and 
is primarily favoured by surgeons as it provides adequate left ventricular perfusion even in 
the presence of coronary artery disease. A study conducted by Douville et al (1992) reported 
no important differences between either method of cardioplegia, more specifically showing 
that neither had a detrimental effect on postoperative right ventricular function (Douville et 
al, 1992).  
However, a study by Allen et al (1995), who assessed postoperative right ventricular function 
using contrast echocardiography and coronary ostial drainage, highlighted concerns that 
retrograde cardioplegia provided insufficient right ventricular myocardial perfusion.  Allen 
reported that the reduced levels of perfusion are inadequate to meet the myocardial demands 
as demonstrated by the high right ventricular oxygen extraction after a prolonged retrograde 
infusion but that retrograde solution should not be relied on completely for right ventricular 
myocardial protection (Allen et al.1995). Kaukoranta et al (1998) later showed, that 
retrograde cardioplegia led to metabolic changes compatible with right ventricular ischemia. 
However, tissue levels of high-energy phosphates were well preserved, and the postoperative 
course for all the patients observed seemed to be unproblematic. Kaukoranta concluded that, 
‘Care should be taken when retrograde cardioplegia is provided for patients with right 
ventricular hypertrophy, poor right ventricular function, or severe preoperative myocardial 
ischemia’ (Kaukoranta et al, 1998). 
Studies have even addressed the benefits of using combined cardioplegia, both antegrade and 
retrograde. Byana et al (1989) evaluated the use of combined antegrade and retrograde 
cardioplegia in 59 patients undergoing coronary artery bypass surgery. Byana found that both 
groups required additional postoperative inotropic support, and presented with the same 
incidence of postoperative arrhythmias, myocardial infarction, heart block, and death. 
However, Bhayana (1989) reported that left ventricular stroke work index, when expressed as 
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a function of its prebypass control value, was significantly improved (p< 0.01) in patients 
who were administered with combined cardioplegia, suggesting that the use of combined 
antegrade/retrograde cardioplegia was a safer option which provided superior protection 
(Bhayana et al,1989). A similar study by Hayashida (1995) also highlighted the benefits of 
combination cardioplegia, showing reduced metabolic demands whilst permitted immediate 
recovery of cardiac function (Hayashida et al, 1995). 
 
 
 
 
 
 
 
 
Figure 1 – 1    Retrograde and anterograde cardioplegia delivery circuit 
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1.1.1.5  On pump versus off pump 
Off pump or ‘beating heart’ coronary bypass (OPCAB) is not a new technique as the early 
pioneers of coronary surgery reported (Kolessov et al, 1967 and Favaloro et al, 1968 )  
although the success of these ground breaking operations is slightly more debatable. Off 
pump techniques were eventually abandoned as the use of cardiopulmonary bypass and 
cardioplegic arrest became routine. The continuing drive to improve clinical outcome and 
compete with the ever-evolving non-surgical methods of myocardial revascularisation 
provided the incentive for the rebirth of off-pump coronary artery and consequently studies 
started to show that OPCAB was associated with a lower mortality and morbidity compared 
with on-pump CABG (Cleveland et al, 2001; Al-Ruzzeh et al, 2003 and Mack et al, 2004) 
There are many advantages and disadvantages of OPCAB. An extensive review was carried 
out  by Ngaage (2003) which reported that although OPCAB has established itself alongside 
on-pump surgery as a complementary method of surgical revascularization, further research 
into various aspects of the surgical approach was needed before a firm conclusion could be 
reached (Ngaage et al,2003). 
A recent editorial by Davidson et al (2008) addressed whether the debate surrounding off-
pump coronary surgery could specifically shed light on postoperative right heart dysfunction 
and reported that there was no suggestion that cardio pulmonary bypass and cardioplegic 
arrest accounted for the changes so commonly seen in right ventricular function. Davidson 
concluded that both methods offer excellent results but in the meanwhile ‘researchers should 
continue to search for strategies to eliminate both left and right ventricular impairment while 
allowing for the best long-term myocardial revascularisation’ (Davidson et al, 2008).  
An intraoperative transoesophageal echocardiography study conducted by Michaux et al 
(2006) assessed the right ventricular function of patients immediately before and after 
coronary artery by-pass surgery and reported that OPCAB surgery did better at preserving 
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postoperative right ventricular systolic and diastolic function. However, Michaux also 
reported there were no significant intergroup differences in tricuspid long axis tissue Doppler 
velocities, which are routinely used to assess both systolic and diastolic right ventricular 
function. Michaux concluded that there was a small but statistically significant decrease in 
peak systolic tricuspid annular velocity in the OPCAB group (p=0.34) (Michaux et al, 2006).  
 
 
1.1.2   Presence of right coronary artery disease 
The protection of right ventricular myocardium during OPCABG is even more challenging in 
patients with severe right coronary artery disease. Honkonen (1997) questioned the adequate 
delivery of retrograde cardioplegia in patients with significant right coronary artery disease 
(Honkonen et al, 1997). In this study, Honkonen evaluated the distribution of antegrade 
cardioplegia versus exclusively retrograde coronary sinus cold blood cardioplegia by 
assessing myocardial surface temperatures and right ventricular function by fast-response 
thermodilution. Results showed that in patients with obstructed right coronary artery disease 
both antegrade and retrograde cold cardioplegia resulted in uneven cooling of the 
myocardium and after bypass showed a reduction in right ventricular; ejection fraction, stroke 
work index and cardiac index. Honkonen concluded that ‘ retrograde and antegrade 
cardioplegia alone were not effective in reducing the temperature of the posterior wall if the 
right ventricle in patients with obstructed right coronary artery disease, in whom with 
retrograde cardioplegia right ventricular haemodynamics were impaired 1 hour following 
bypass’ (Honkonen et al,1997) . 
Moreover, the presence of moderate right coronary artery stenoses, which are not judged 
severe enough to receive a graft, may also cause depressed RV function in the postoperative 
period. Schirmer et al (1995) reported that right ventricular depression can occur in patients 
after CABG surgery with moderate right coronary artery stenosis that is not revascularised, 
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while revascularisation of the right coronary artery appeared to preserve postoperative right 
ventricular function (Schirmer et al, 1995) 
 
1.1.3 Inadequate right ventricular protection  
The anterior position of the right ventricle could also be considered detrimental to the 
preservation of right ventricular function.  Fisk et al (1982) compared the temperature of the 
anterior myocardium of the right ventricle and the middle of the interventricular septum at ten 
minute intervals throughout the period of continuous coronary ischaemia in 130 consecutive 
patients undergoing CABG using cold cardioplegia solution. The study showed that in 80% 
of cases the right ventricle was on average 2-3°C warmer than that of the left ventricle (Fisk 
et al, 1982). These findings raise concerns regarding the extent of myocardial hypothermia 
during CABG and that this may also play a role in preserving the RV function 
postoperatively (Boldt et al, 1990). 
 
1.1.4   Pericardial adhesions  
It has been suggested that pericardial adhesions cause right ventricular dysfunction by 
restricting cardiac motion (Wranne B et al, 1991). This may initially seem like a plausible 
mechanism for causing right ventricular dysfunction but it could not explain why right 
ventricular dysfunction is observed in the immediate post-operative period. Moreover, a 
small trial of a biodegradable patches designed to reduce pericardial adhesions did not 
demonstrate any significant protection or improvement in postoperative right ventricular 
function (Lindstrom L et al, 2000). 
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1.1.5   Other existing theories  
In addition to the number of theories listed in this chapter thus far, a senior surgical colleague 
at my centre (Mr Ashok Cherian, personal communication) has also informed me about 
additional mechanisms that he had witnessed during his career which where thought to have 
caused intraoperative right ventricular dysfunction. These included: over-insertion of the 
bypass canular into the coronary sinus causing obstruction of the middle cardiac vein and 
preventing adequate perfusion of cardioplegia solution to the right ventricle, the anterior 
position of the right coronary ostia; first preventing adequate cardioplegia delivery and 
second increasing its susceptibility to air emboli during rewarming and weaning from bypass.  
 
 1.1.6 Many mechanisms but still no explanation  
There is therefore currently no widely accepted explanation for the persistent reduction in 
right ventricular long axis performance which occurs after cardiac surgery. It is likely that a 
combination of factors render the right ventricle vulnerable during conventional cardiac 
surgery. The right ventricle is much thinner than the left ventricle and it is flatter (the radius 
of curvature is approximately twice that of the left). Since a wall stress is proportional to the 
radius of its curvature and is inversely proportional to its wall thickness, both effects conspire 
to increase wall stress. During cardiac surgery, loss of the pericardial support and the 
resultant increased transmural pressure and consequently increased wall stress, which is 
reflected by increased right ventricular filling volumes, could initiate injury to the 
myocardium, which continues postoperatively and could result in long-term irreversible 
reduction in right ventricular performance. If this were the case this would be especially 
important in high operative risk patients as there is evidence to suggest that the development 
of right ventricular dysfunction following isolated CABG in patients with LVEF < 40% is 
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associated with higher morbidity and mortality (Minakata K et al, 2000; and  Bolt J et 
al,1992).  
 
1.2 Right ventricular structure and physiology 
The importance of right ventricular function was first described by Sir William Harvey 
(1628), ‘Thus the right ventricle may be said to be made for the sake of transmitting blood 
through the lungs, not for nourishing them’ (Harvey et al, 1628).  
However, for many years the right ventricle, not unlike Brad Pitt’s older less attractive 
brother, failed to attract the attention and popularity of the research community which was 
more focused on the ellipsoidal and symmetric beauty of the neighbouring left ventricle. And 
following decades of academic unpopularity, it is not surprising that Rigolin (1995) referred 
to it as ‘the forgotten ventricle’ (Rigolin et al, 1995).  
 
1.2 1 Anatomy and physiology of the right ventricle 
The right ventricle is situated anteriorly and can be located immediately behind the sternum. 
Goor (1975) described the right ventricular chamber by dividing it into three components; the 
inlet (consisting of the tricuspid valve, chordate tendineae, and papillary muscles); the 
trabeculated apical myocardium; the infundibulum (which corresponds to the outflow region 
of smooth myocardium)(Figure 1-2).  
Right ventricular contraction is sequential, starting with contraction of the inlet section and 
ending with infundibular contraction which contracts for much longer than the inlet section, 
and each occurring approximately 25 to 50ms apart (Dell’Italia et al, 1991). Contraction 
consist of three different mechanism: inward movement towards the free wall (producing a 
bellows like effect), contraction of the longitudinal fibres (which shortens the long axis and 
29 
 
draws the tricuspid annulus towards the apex, and finally, free wall traction which occurs at 
the points of attachment secondary to left ventricular contraction (Jiang et al, 1994).   
 
 
 
 
 
Right ventricular geometry is highly complex in comparison to that of the left ventricle, 
indeed from the side the right ventricular cavity appears triangular, but when viewed in cross 
section the right ventricle appears crescent shaped (Jiang et al, 1994). In a normal heart and 
under normal loading and electrical condition the septum, dividing both the left and right 
ventricles remains convex towards the right ventricular cavity (Jiang et al, 1994). 
Ho (2006) described that the right ventricular wall was mainly composed of superficial and 
deep muscle layers (Ho et al, 2006). The superficial layer is arranged in a circumferential 
direction, parallel to the atrio-ventricular groove, while the deep muscle fibres are arranged 
Figure 1 – 2  Three components of the right ventricle (Goor et al,1975) 
30 
 
longitudinally aligned from the base to the apex (Dell’Italia et al, 1991 and Ho et al, 2006).  
This arrangement meant that right ventricular shortening is predominantly longitudinal 
(Petitjean et al, 2005), unlike the complex movement of the left ventricle which includes: 
torsion, translation, rotation and thickening (Dell’Italia et al, 1991 and Ho et al, 2006). 
Right ventricular wall thickness measures approximately 2-5mm, which is much thinner than 
that of the left ventricle (Jiang et al, 1994 and Ho et al, 2006). And despite left ventricular 
mass being six times that of the right ventricle, the right ventricle has a much larger volume 
(Lorenz et al, 1999). Furthermore, right ventricular compliance is considered to be more that 
the left ventricle (Leyton et al, 1971 and Gaasch et al, 1975) as the pericardium is thought to 
impose a greater constraint to the right ventricle due to the nature of its thinner walls and 
lower intracavity pressure (Dell’Italia et al, 1991).   
Blood supply to the right ventricle differs depending on the dominance of the right coronary 
artery. In a dominant right coronary system, which is found to be in 80% of the population, 
the lateral wall is perfused by the marginal branches while the posterior wall is supplied by 
the posterior descending artery. The left anterior descending supplies blood to the 
anteroseptal an anterior wall, while the conal artery supplies blood to the infundibulum, 
which has a separate ostium in 30% of cases helping to preserve infundibular contraction in 
the presence of significant right coronary artery disease (Dell’Italia et al, 1991, and Brown et 
al, 1968). 
 
1.3 Assessing Right ventricular function 
Assessing right ventricular function has always been considered challenging owing to the 
complexity of its shape (Jiang et al, 1994). Even historically, RV function has been difficult 
to quantify. Invasive measurements have been usually made using either Swann-Ganz 
thermodilution catheters or right sided heart catheterisation and injection of contrast. These 
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techniques are limited, even to estimate global RV performance, let alone intraoperative 
function. More important, they are not without risk to the patient which means that it is not 
practical for obtaining repeated measurements for long term follow up. Radionuclide 
ventriculography (Wilson et al, 1984 and Kaul et al, 1984) and magnetic resonance imaging 
(MRI) (Lindstrom et al, 2000 and Heling et al, 1995) are useful in the assessment of RV 
function, but they are time-consuming and relatively expensive methods which cannot be 
used at the bedside. Conventional 2D echocardiography is of limited use in assessing RV 
function because of difficulty in defining endocardial surfaces and due to the unusual shape 
of the right ventricle. However, in recent years cardiac imaging alone has improved 
significantly with the development of existing modalities and the arrival of new imaging 
applications, all permitting us to visualise cardiac structures in much more detail than ever 
before. 
 
1.3.1  Echocardiography assessment of right ventricular function 
Both transthoracic and transoesophageal echocardiography are used routinely by cardiac 
sonographers and physicians to screen for, diagnose and assess structural heart disease. This 
highly diverse method of cardiac imaging is now considered an invaluable tool, allowing us 
to accurately assess the cardiac function of patients referred for life saving cardiac surgery. 
Compared with other methods of assessment echocardiography is a versatile and mobile 
method for conducting right ventricular functional assessment.        
 
1.3.1.1  Right ventricular volume  
Given the complex shape of the right ventricle volume echocardiography estimates of volume 
are always challenging. Fractional shortening for the parasternal long axis view is possible 
however the best correlation between single-plane measurements and right ventricular 
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volumes are achieved using planimetry in the 4 chamber view, although this method is 
limited in differentiating differences between normal and mild to moderate right ventricular 
enlargement (Jiang et al, 1994).  Jiang also showed that the area-length method correlated 
better than using Simpson’s rule of discs (Jiang et al, 1994).  
3D imaging is an ever emerging technique for the assessment of right ventricular volumes 
however visualisation of the anterior wall and inclusion of the infundibulum remains 
challenging which could explain why there is only a moderate correlation with MRI 
measurement (Jiang et al, 1994; Nesser et al, 2006; and Kjaergaard et al, 2006). In addition, 
the clinical application of 3D transoesophageal derived right ventricular volumes are yet to be 
validated.    
The right ventricle is much more dependent on loading conditions than that of the left 
ventricle and due to its larger cavity size, in a normal heart, has an overall lower ejection 
fraction. The normal range for right ventricular ejection fraction is 40-76% (61±7%), 
although this is varies depending on the method used (Lorenz et al, 1999). 
 
1.3.1.2  Pulsed and continuous wave Doppler 
Pulsed wave and continuous wave Doppler sampling across the tricuspid valve and through 
the pulmonary valve are a popular method of recording and measuring peak and mean 
velocities in addition to estimated of ejection times and VTI values. In combination with 2D- 
derived cross sectional areas, estimates of stroke volume and cardiac output can easily be 
calculated.  
While peak tricuspid and corner-pulmonary regurgitation velocities, in the absence of severe 
regurgitation, are quick and accurate methods of estimating both right ventricular systolic and 
diastolic pressures.  
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1.3.1.1  Tissue Doppler Imaging 
Tissue Doppler echocardiography has improved the echocardiographic assessment of RV 
function. As it uses lower gain settings to eliminate the low amplitude signals, and bypasses 
the high pass filter in order to detect the low velocity signals from tissue movements. It 
therefore allows accurate detection of systolic and diastolic motion of specific areas of both 
the left and right ventricular walls (Nagueh et al, 1997; Sohn et al, 1997; Galiuto et al, 1998; 
Brunch et al, 1999; Garcis-Fernandez et al, 1999; Alam et al, 2000; Galderisi et al, 2002; 
Selton-Suty et al, 2002; Galdaerisi et al, 2005; and Tuller et al 2005) 
 Detection of decreased wall motion velocities has also been demonstrated to correlate with 
impaired ventricular function in heart failure of ischaemic and non-ischaemic aetiology and 
agrees well with radionuclide measures (Brunch et al, 1999; Garcis-Fernandez et al, 1999; 
Meluzin et al, 2001). Because the right ventricular contraction is dominated by motion in the 
long axis, tissue Doppler is a good mode of assessment and this technique has been validated 
as an accurate and reproducible method of noninvasively measuring right ventricular function 
(Meluzin et al, 2001).  
There are two methods in which tissue Doppler can be utilised to assess right ventricular 
function. The first is to use spectral pulsed tissue Doppler which records peak myocardial 
velocity waveforms. The second is colour tissue Doppler which acquires colour coded images 
of the right ventricle which can be later analysed off line. As colour tissue Doppler calculates 
an average of all tissue velocities and calculates and average, as a consequent pulsed tissue 
Doppler measurements are numerically higher than that of colour tissue Doppler (Gondi et al, 
2007) and in health normal longitudinal velocities recorded at the basal right ventricular 
lateral wall are >14±2 cm/sec for pulsed wave tissue Doppler, and 10±2 cm/sec for colour 
tissue Doppler imaging (Alam et al, 1999 and Linqvist, 2005). Using the same approach, 
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velocities of various myocardial segments of RV free wall can also be measured, but the 
study of anterior RV wall from the parasternal view is unreliable (Vinereanu et al, 1999). 
Tissue Doppler imaging is a discrete and objective method of assessing areas where there are 
suspected regional wall motion abnormalities. Derumeaux (1998) assessed the regional tissue 
Doppler measurements of nine open chest anaesthetised pigs, which were exposed to varying 
degrees of regional wall motion abnormalities via graded occlusion of the left anterior 
descending artery. Induced ischaemia resulted in an almost immediate reduction in septal 
systolic velocities and an early decrease in the ratio of early to late diastolic velocities with 
tissue Doppler analysis identifying both changes within 5 seconds of coronary occlusion. 
This observed decrease in systolic velocities correlated well with both systolic shortening and 
regional myocardial blood flow during the restriction in left anterior descending blood flow. 
Furthermore following the restoration of blood flow the reduction in regional diastolic 
velocity remained after the systolic velocity had normalised (Derumeaux et al,1998). 
 
 1.3.1.1  Myocardial performance index 
The right ventricular myocardial performance index, often referred to as the Tei index is 
defined as the total isovolumetric contraction and relaxation time, divided by the total 
ejection time (Tei et al, 1996). This is considered a reproducible method of assessing right 
ventricular function which is independent of heart rate and blood pressure (Tei et al, 1996). 
The time intervals required to calculate right ventricular performance are identifiable using 
both pulsed wave Doppler and tissue Doppler imaging (Teken et al, 2003).  
A study by Yasuoka (2004) reported that pulsed wave Doppler derived myocardial 
performance index in tetralogy of Fallot patients did not differ from that of normal children, 
where as tissue Doppler derived estimates were much higher (Yasuoka et al, 2004). Despite 
these findings, both methods are still commonly used.   
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1.3.1.2. M-mode 
Tricuspid annular plane septal excursion (TAPSE) is a popular and easy method of assessing 
right function which has been shown to correlate well with radionuclide angiography derived 
estimates of right ventricular ejection fraction (Ueti et al, 2002). Measurements are taken in 
the four chamber view with the M-mode cursor placed through the lateral aspect of the 
tricuspid annulus which records the longitudinal excursion of the tricuspid annulus towards 
the apex (Hammarstrom et al, 1991)  
 
1.3.1.3  Measurements versus function 
Although a few of the methods listed claim less load dependent, it is important to remember 
that none are independent (Rademakers et al,2005 ). In addition, it would be naive to presume 
that one of these parameters in isolation will provide the perfect estimation of function, and 
although some methods are more accurate than others an independent measure will always 
have limitations (Lopez-Candales et al, 2006). Therefore it seems sensible that all methods 
should be routinely incorporated when conducting an echocardiographic assessment of right 
ventricular function.  
    
1.3.2   Effects of cardiac surgery on echocardiographic parameters: the 
story so far. 
Transoesophageal echocardiography is a well validated intraoperative imaging tool which has 
been shown to provide a much greater clinical impact, especially during complex cardiac 
surgical procedures (Couture et al, 2000) and guidelines for its use and safe application are 
well established by both the BSE and ASE (Cahalan et al, 2002; Mathew et al 2006; and 
Steeds et al, 2010). 
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Unfortunately, there are only a small number of intraoperative transoesophageal studies that 
are right ventricular specific as many concentrate on the impact cardiac surgery has on left 
ventricular function. 
The first reported study to carry out 2D transoesophageal analysis of right ventricular systolic 
performance during coronary bypass surgery was by Rafferty (1993). In addition to invasive 
right heart heamodynamic monitoring Rafferty (1993) measured long and major axis length, 
planimetered right ventricular cavity areas and calculated excursion fractions immediately 
before and after surgery. Rafferty reported that long and major axis length, and planimetered 
right ventricular cavity areas had reduced at the end of surgery, but that there were no 
significant changes in right heart haemodynamics (Rafferty et al,1993).     
Michaux (2006) also used intraoperative transoesophageal in a randomized control trial 
designed to test whether off-pump coronary surgery would better protect the right ventricle 
(Michaux et al, 2006). Transoesophageal studies were performed before and after surgery and 
showed that the right ventricular TAPSE measurements were significantly reduced in both 
groups and could not distinguish any significant intergroup differences following coronary 
revascularization (Michaux et al, 2006).    
A study by (Mishra, 1998) aimed to evaluate right ventricular function by measuring hepatic 
venous flow (HVF) patterns using intraoperative transoesophageal echocardiography), and to 
compare HVF with other conventional two-dimensional echocardiographic and 
haemodynamic indices of RV performance. Data was collected after the induction of 
anaesthesia, after the chest was opened, after coronary revascularization and after sternal 
closure. Mishra reported a significant reduction in right ventricular TAPSE after coronary 
revascularization and concluded that ‘Tricuspid annular motion had diminished significantly 
at sternal closure’ (Mishtra et al, 1998).  
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The reduction in reduced tricuspid annular velocities with tissue Doppler have be 
documented in a variety of diseases, including inferior myocardial infarction, pulmonary 
hypertension and chronic heart failure (Meluzin et al,2001) (Figure 1-3). 
A role for intraoperative transoesophageal pulsed wave tissue Doppler has also been 
identified and validated (Hammarstrom et al, 1991; Meluzin et al, 2001; Dokainish et al, 
2007; and Diller et al, 2008).  
A feasibility study conducted by Simmons (2002) reported the left ventricular longitudinal 
strain and strain rate of 22 patients referred for cardiac surgery. Transoesophageal 
echocardiograms recorded data from the left ventricular septal and inferior walls following: 
sternal opening, pericardial opening and coronary revascularization. Simmons reported a 
change in septal strain follow pericardiectomy but no changes in the inferior wall (Simmons 
et al, 2002). 
However, Alam (2003) was the first to report a significant reduction in transthoracic right 
ventricular E’ and S’ pulsed wave tissue Doppler velocities in patients before and one month 
after coronary artery bypass surgery (Alam et al, 2003). 
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Figure 1-3  Reductions in right ventricular long axis function following 
routine CABG. 
 Images A and B both show pulsed wave tissue Doppler samples (above) and M-Mode 
systolic excursional estimates (below) taken from the basal right ventricular lateral wall. 
Image A, shows the tissue Doppler velocities and TAPSE before CABG. Image B, the 
tissue Doppler velocities and TAPSE in the same patient 1 month after CABG. Both 
postoperative tissue Doppler and TAPSE values are significant reduction one month later 
compared to preoperative values. 
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A recent study suggested that coronary artery bypass graft surgery may induce myocardial 
stunning and thereby affect cardiac function and assess the myocardial function in patients 
with preserved preoperative systolic function (Diller et al, 2008). Tissue Doppler 
echocardiography was performed before cardiac surgery, and then at 5 days, 6 weeks and 18 
months after surgery. Diller reported that left ventricular function did not deteriorate after 
surgery in patients with preserved preoperative systolic function while right ventricular 
function appeared to be damaged by surgery even 18 months later (Diller et al, 2008).  
Interestingly, Di Salvo (2005) compared the right ventricular tissue Doppler strain values in 
patients before and after percutaneous and surgical atrial septal defect closure and reported 
that the systolic and diastolic values of the surgical repair had reduced significantly after 
surgery compared to those who had percutaneous closure, which did not change (Di Salvo et 
al, 2005).    
 
 
1.4   Conclusion  
It is unfortunate that a majority of intraoperative studies have focused on identifying 
discrepancies between methods of myocardial protection and the impact of underlying patient 
pathology.  Furthermore, a large majority of these studies have reported conflicting results. 
One possible explanation for the number of conflicting findings could be the tens of 
thousands of statistical relationships which are generated when analysing such large cohorts, 
which could lead to a large number of false-positive conclusions just by chance alone.  
Meanwhile, the catalogue of pre and post operative transthoracic echocardiogram studies has 
reported large reductions in right ventricular function, specifically tissue Doppler and 
TAPSE, in patients immediately after surgery. However, these findings still leave clinicians 
unsure of when, during the operation, these changes occur.  
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Admittedly, there are a small number of intraoperative transoesophageal echocardiography 
studies, conducted by specialist anaesthesiologists, who have observed the effects of cardiac 
surgery on intraoperative right ventricular function. However, disappointingly data collection 
was often recorded at stages, i.e. immediately following intubation, and then at the time of 
sternal closure or while the patient was in theatre recovery. It is not surprising therefore that 
the findings of these intraoperative transoesophageal studies reiterate the findings of 
transthoracic departmental transthoracic studies where imaging was carried out on patients 
before and some time-point after surgery. Results from many groups have reported 
echocardiographic findings of significant right ventricular dysfunction following coronary 
artery bypass surgery, yet none of these have presented data which either precedes or 
observes the immediate onset of these changes.     
It therefore seems reasonable to suggest that in order to conduct an effective and efficient 
investigation which aims to reveal the precise cause of post operative right ventricular 
dysfunction, i.e. the crime, we should aim to specifically locate the mechanism, i.e. the 
culprit.  
It would also appear sensible to build an intraoperative investigation around the time at which 
that the crime took place or in this instance the precise time-point which marks the onset at 
which right ventricular function starts to fall, an investigative approach that would be unique 
compared to the research methods of previously published studies. 
 Nevertheless, the current literature still proposes an extensive number of mechanisms and 
reports clear observational differences, findings that will no doubt act as small clues in this 
ongoing puzzle.  
Finally, even though the mechanism of reduced post operative reduction in right ventricular 
long axis performance still remains unknown it is often commented on and therefore any 
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attempt to identify the cause of this well known phenomenon must question not only its 
relevance, but more importantly understand what these changes mean for the patient.  
 
1.5     Aims of this thesis 
 
Right ventricular function is routinely assessed by measuring the myocardial velocity and 
excursion of annular motion during both systole and diastole. It is well known that there is 
significant reduction in right ventricular annular velocities and excursion in patients following 
cardiac surgery, but the precise cause of this post operative phenomenon remains unknown despite 
there being a number of proposed mechanisms. The aim of this thesis is to reduce the number of 
hypotheses and increase our understanding of this postoperative anomaly. 
I aim to carry out observational studies in patients who are referred for cardiac surgery with a 
number of different isolated pathologies (i.e cardiac and non-cardiac) and observe, using a variety 
of invasive and non-invasive techniques, the effect these operations have on right ventricular 
function. Tissue Doppler imaging will be used specifically to measure right ventricular long axis 
velocities in patients undergoing different types of cardiac operations. Intraoperative 
heamodynamic measurements will also be measured in a smaller cohort to assess simultaneous 
intra-cardiac and pericardial support pressures. 
This will be used firstly, to identify the precise time-point at which right ventricular annular 
velocities fall as this would automatically exclude proposed injuries that occur afterwards and 
make injuries that occur long before also look less plausible. Secondly, it will reveal if the 
reduction in intra and post operative velocities are specific to certain types of cardiac operations. 
Finally, intraoperative haemodynamic measurements, in addition to echocardiographic data, will 
help to define the significance of right ventricular velocity decline in patients who have undergone 
cardiac surgery.   
42 
 
2.0 Methodology 
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2.1 Patient recruitment  
All patients and data collection was carried out at St Mary’s Hospital, Imperial College NHS 
Trust. All patients were approached randomly following routine referral for non emergency, 
first cardiac surgery referral from either internal sources or external tertiary centres. Study 
participants were chosen at random to take part in this observational study and were 
approached at the time of their pre-assessment consultation two weeks before their scheduled 
surgical date. All patients were approached following their routine clinical pre-operative 
assessment.   
Those who met study inclusion criteria, listed in each chapter, were invited to participate in 
this intra-operative observational study. An informal research consultation was conducted 
where patients were informed of the study’s aims and design; an information sheet was also 
provided explaining the purpose of the research (9.0 - Appendix II). Patients who agreed to 
participate were asked to sign three separate research consent forms listed: patient copy, 
patient notes copy and study file copy (9.0 - Appendix II). An additional study information 
sheet was also sent to general practitioner of each volunteer. All information sheets and 
consent forms had been approved by the local research committee.   
 Patients were clearly informed that they were free to withdraw from the study at any time. 
 
2.2 Equipment 
2.2.1. Echocardiography 
Echocardiography was performed in all patients using a Vivid I imaging system (H45021AG) 
with cardiac application (H45021JM) (GE Medical). This highly mobile imaging system was 
used to conduct both transthoracic and transoesophageal echocardiograms in all patients who 
volunteered for this study (Figure 2-1).  This machine was chosen specifically because it 
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combines excellent image quality with easy transportation to and from the clinic, operating 
theatres and research department. In addition this 5kg imaging system was small enough to 
be accommodated on a small surgical trolley by the head of the patient for prolonged periods 
i.e. throughout the entire operation, without restricting anaesthesiologists’ access to the 
patient. Finally the battery of these imaging systems is able to provide live monitoring for up 
to an hour which removed concerns regarding accidental loss of AC power resulting 
jeopardising data acquisition.  
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Figure 2-1 Vivid I Imaging system 
Vivid I imaging system (H45021AG) with cardiac application (H45021JM) (GE Medical). This 
highly mobile imaging system was used to conduct both  transthoracic and transoesophageal 
echocardiograms 
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2.2.1.1 Transthoracic Echocardiography probe 
Transthoracic echocardiography was performed in all patients using a 1.5-3.6 MHz 3S-RS 
probe(GE Medical).  All studies were carried out by me: I am accredited by the British 
Society of echocardiography (2004). Full studies were conducted in all patients in keeping 
with British Society of echocardiography (Chambers et al, 2010) and the American Society 
of echocardiography guidelines (Lang et al, 2005).  
2.2.1.2 Transoesophageal echocardiography probe 
Intraoperative transoesophageal echocardiography was performed in fifty of the patients 
recruited for this study using a 2.9–6.7 MHz (wavelength 0.308mm)Vivid 6T-RS multi-
phased array transoesophageal transducer (GE Medical).  As recommended (Mathew et al 
2006) all studies were carried out by an experienced transoesophageal echocardiography 
operator (myself). Full studies were conducted in all patients in keeping with British Society 
of echocardiography (Steeds et al, 2010) and the American Society of echocardiography 
guidelines (Cahalan et al, 2002). 
2.2.1.3 Ultrasound imaging: Piezoelectric crystal  
The ultrasound transducer of both the transthoracic and transoesophageal probes produce 
Doppler signals using quartz piezoelectric crystals which, when electric current is applied, 
rapidly change shape and oscillates. The transducer is capable of emitting short, strong 
electrical impulses at a preselected frequency (2-18MHz). The sound waves are directed by 
the shape of the transducer producing arched array of ultrasound which penetrates tissue at a 
required depth before returning to the probe (Figure 2-2). Phased array probes are most  
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Figure 2-2 Phased array probe: 
 
Scan lines. Cartoon illustration of the arced sector from the phased array two-
dimensional echocardiogram. Each dotted line represents an individual B-Mode 
(brightness mode) scan line. Any structure that interacts with the a scan line will create 
reflections (dark highlights); however, structures that lie between the scan lines are not 
interrogated, and the echocardiography system averages the neighbouring signal to fill 
in this defect. Therefore, the closer the scan lines the better the image quality. With a 
phased array probe the gap between the scan lines increases with the distance of the 
transducer. 
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commonly used in echocardiography as they are able to sweep the sound beam in an arc 
across a predetermined field.  A watery based gel is applied to all transducers to improve l 
contact impedance between the probe and the surface of the skin. The reversing sound wave 
is processed in reverse from the way it was initially produced, with the ultrasound machine 
processing reflections from the transducer into a live digital display.  
2.2.1.4  Pulsed wave tissue Doppler  
Tissue Doppler imaging has been developed to display and assess the velocity of myocardial 
structures instead of blood flow. The method is derived from conventional Doppler imaging, 
while avoiding the high pass filter, to allow the Doppler signal originated in the myocardium 
to enter the auto-correlation. This rejection of high frequencies can be achieved by low pass 
filtering and scaling is set to encode velocities in the range of 3 to 24cm s-¹, much lower than 
the velocities used typically for blood flow analysis (Figure 2-3). As cardiac structures move 
in a velocity range 0.06 to 0.24 m/s, some 10 times slower than myocardial blood flow, and 
have an amplitude approximately 40 times higher, it is possible to obtain images of tissue 
Doppler imaging without significant artefact originating from the blood pool.  
The Doppler signal from one sample region is recorded. 
 
Equation 2 – 1:  Frequency of a Doppler signal 
 
In this equation: fo is the central frequency of the transmitted ultrasound pulse, v is the tissue 
velocity component of the ultrasound beam and c is the speed of sound.  
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 First, the signal is split into overlapping windows and then the frequency content of each 
window is calculated using the Fourier transform. The Fourier transform (FT) transforms one 
complex-values function of a real variable into another. In signal processing this function is 
typically the equivalent of time and is often termed the time domain or frequency domain and 
describes the frequencies that are in the original function. A signal spectrum is then formed 
for each window which represents the frequency at a certain time. 
The amplitude of the signal is coded in gray-scale and is displayed on the screen as a 
collection of signal spectra. Doppler frequency is displayed on the vertical axis and time on 
the horizontal. This allows us to measure the linear Doppler frequency as a velocity axis 
(Figure 2-4)   
From the cardiac apex, the impact of translation motion of the heart within the thorax 
becomes less important. As myocardial thickening is occurring predominantly at right angles 
to the direction of Doppler interrogation from the apex, this cannot reliably be measured with 
tissue Doppler imaging.  However longitudinal shortening velocities are reliably measured 
from the apical window, especially when measuring velocities from right ventricular where 
function is predominantly derived from long axis contraction.   .  
Because the epicardial apex is relatively fixed, the longitudinal fibre shortening draws the 
atrioventricular ring towards the apex of the ventricle. Tissue Doppler not only defines and 
measures the tricuspid annular movement, but also gives high temporal relationship. Wave 
form motion of tissue Doppler therefore opposite to that of conventional pulsed wave 
Doppler blood flow. The normal longitudinal myocardial velocity profile shows a small 
upward and downward waves occurring immediately after the QRS complex represent 
movement during isovolumic contraction. There is then a smaller upward wave (pre S’) 
marking isovolumic contraction which is immediately followed by a large upward wave 
called the systolic (S’) contraction wave, the peak of which represents the peak velocity of 
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that myocardial segment. Following this there are two small waves (downward then upward), 
which indicate the movement caused by isovolumic relaxation. The next component is a large 
downward wave or E wave, which is caused by early right ventricular filling. This is 
immediately followed by an A wave caused by atrial contraction occurring just after the P 
wave on the electrocardiogram (Figure 2-4). The peak velocity of the systolic or S’ wave can 
be easily measured and therefore used to indicate specific segmental myocardial function.  
 
2.2.1.5 Tissue Doppler angle dependence   
The method of measuring absolute velocities is highly dependent on optimal Doppler sample 
positioning as problems with cardiac translation and rotation are inherent in all TDI 
techniques. Angle dependence, signal noise and acoustic artefact pose a challenge when 
measuring PW tissue Doppler measurements. Tissue Doppler assessment allows 
quantification of velocity vectors parallel to the transducer but is limited by its inherent 
inability to appraise regions nonparallel, this is often referred to as angle dependence. 
Therefore, the application and utility of PW tissue Doppler imaging in the assessment of 
regional longitudinal myocardial velocities is restricted to apical views. To minimise such 
error, the RV free wall segment for sampling was adjusted so that it was as parallel as 
possible to the Doppler sample.   
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Figure 2-3  Signals from blood flow and myocardial motion  
 Left panel: Velocity of myocardial tissue is much lower than blood (myocardium: 1-20cm/s while blood velocity is 10-150cm/sec) 
Middle panel: High amplitude, low frequency wall motion is not detected by the high pass filters used to measure the low amplitude, 
high frequency signals of blood flow. 
Right panel: Myocardial tissue velocities are extracted by reducing the gain of the high-pass filter, revealing myocardial velocities but 
extracting blood flow signals.   
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Furthermore, aliasing does not occur with TDI,  because the myocardium does not move fast 
enough. 
Figure 2-4    PW Tissue Doppler wave forms in TTE and TOE 
 
Upper left Panel:  PW TD trace recorded using TTE. The first component is a large downward 
wave or E wave, which is caused by early right ventricular filling. This is immediately followed 
by an A wave caused by atrial contraction occurring just after the P wave on the 
electrocardiogram. There is then a smaller upward wave (pre S’) marking isovolumic contraction 
which is immediately followed by a large positive contraction wave (S’), the peak of which 
represents the peak velocity of that myocardial segment. Following this are two small waves 
(downward then upward), which indicate movement isovolumic relaxation.  
Upper right Panel:  PW TD trace recorded using TOE. The first component is a large upward 
wave or E wave, which is caused by early right ventricular filling. This is immediately followed 
by an A wave caused by atrial contraction occurring just after the P wave on the 
electrocardiogram. There is then a smaller downward wave (pre S’) marking isovolu ic 
contraction which is immediately followed by a large negative contraction wave (S’), the peak of 
which represents the peak velocity of that myocardial segment. Following this are two small 
waves (upward then downward), which indicate movement isovolumic relaxation.  
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Equation 2 - 2  Nyquist velocity limit 
 
Due to the nature of pulsed wave sampling there is a maximal velocity limit that can be 
measured. Should the velocity exceed this limit frequency aliasing will occur and the velocity 
displayed could be easily misinterpreted or worse, be uninterpretable.     
 
 Another significant advantage of tissue Doppler over 2D imaging or M-mode imaging arises 
from using a shift in frequency rather than measuring signal amplitude which ensures that 
data is not affected by tissue attenuation and therefore useful data can be obtained from 
subjects who would normally be considered un-echogenic.   
 
2.2.1.6 Replication of transthoracic tissue Doppler velocities using transoesophageal 
echocardiography  
 
As explained in the introduction, the main parameter which would enable continuous 
intraoperative assessment of the right ventricle was pulsed wave tissue Doppler. In order to 
make a comparison between pre, post and intraoperative measurements accurate replication 
of pre-operative values was imperative.  In order to achieve this, the TOE probe was placed at 
a mean depth of 30 cm with a mean angle of 22 degrees where a view of the right ventricle 
was obtained (Figure 2-5 and 2-6).  
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Figure  2-5 Methods of TOE probe manipulation 
These methods of probe manipulation allow the operator to angle and place the beam at different 
levels of the heart and therefore obtain different views and structures. Good knowledge of these 
manipulative techniques is essential to optimise image quality   
Advancing and withdrawing the probe permits access to high, mid and low oesophageal views. While 
altering the imaging plane (0 – 180 degree) will allow the operator to look at structures through 
different views. 
Anterior flexion is often maintained throughout the scan to maximise contact of the transducer head 
against the wall of the oesophagus, helping to maintain optimal image quality. 
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Figure 2 – 6 – TOE beam orientation  
Upper torso image: The beam is orientated at 0 degrees termed the transverse plane. In the 
clock the right side of the fan array will show images of structures on the patients left (3 ‘o’ 
clock), while the left side of the fan array will show images of structures on the patients 
right (9 ‘o’ clock).  
Mid torso image: The beam is orientated at 60 degrees will show images of structures on 
the patients left and cephalad (1 ‘o’ clock), while the left side of the fan array will show 
images of structures on the patients right and caudad (7 ‘o’ clock). 
Lower torso image: The beam is orientated at 90 degrees termed the longitudinal plane. In 
the clock the right side of the fan array will show images of structures on the patients feet (6 
‘o’ clock), while the left side of the fan array will show images of structures on the patients 
head (12 ‘o’ clock). 
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Tissue Doppler myocardial velocities estimates were measured by placing the pulse wave 
sample volume 1 cm from the level of the tricuspid annulus during ventricular systole where 
the mean values of four consecutive beats of were recorded. The tissue Doppler sample 
volume length for each patient was set between 2 and 5 mm to minimise spectral broadening. 
Recording commenced once a working view was located which permitted the operator to 
replicate the tricuspid annular velocities obtained during the pre-operative TTE. This working 
view was then maintained throughout the duration of surgery.  
2.2.1.7  TTE and TOE output and post-acquisition analysis 
After all studies had been completed data from each patient was transferred via a secure 
internal internet server. All images were stored in DICOM format to a specialised 
echocardiography image storage and analysis system Medcon UK (Mc Kesson, CA). Each 
patient was allocated a unique central patient data file where data was stored for retrospective 
analysis. All DICOM data file images are displayed to the precise calibration and scale 
settings used during image acquisition.  
2.2.1.8 ECG in 
Via this connector an ECG was cable was connected to the Vivid I ultrasound machine (GE 
Medical) and a three lead ECG (I,II,III) attached to the patient. Electrode placement was 
carefully positioned to maximise positive R wave deflection.   
 
2.2.1.9 Transducer connector port 
 
Via this connector either the transthoracic or transoesophageal imaging probe was connected 
to the Vivid I ultrasound machine (GE Medical) for auto-calibration and probe initialisation.  
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2.2.2 Pre-operative Electrocardiogram 
Pre operative twelve lead electrocardiograms were carried out in all patients using a 
Marquette Mac 5000 (GE Company). All ECG’s were performed by a RCCP ACSCT 1 
accredited cardiographer. Automated ECG print outs were stored in the notes of all patients. 
Pre operative ECG’s were requested to assist with patient selection and exclusion from the 
study i.e. Atrial Fibrillation, RVH, Q waves (suggestive of previous infarct and impaired 
ventricular systolic function.) 
2.2.3 Intra-operative electrocardiogram 
Additional electrocardiogram monitoring was recorded in each intra-operative case using a 
DS 7100 patient monitor (Fukuda Denshi USA, Inc.). A three lead (I, II, II,) ECG signal was 
outputted continuously and sent to an analogue input port. Electrode placement was carefully 
positioned to maximise positive R wave deflection (Figure 2-7).   
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2.2.3.1 Intra-operative electrocardiogram output 
Intra-operative ECG signals were exported from the  DS 7100 patient monitor (Fukuda 
Denshi USA, Inc.) and were then sent into a BNC-2010 connector box (National 
instruments). 
 
Figure 2-7 Intraoperative ECG monitoring 
Electrocardiogram monitor used during invasive intraoperative studies. The DS 7100 
patient monitor (Fukuda Denshi USA, Inc.) has three lead (I, II, II,) configuration with 
and an output port permitting continuous ECG recording. 
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2.2.4 Pericardial pressure balloon 
Pre constructed balloons were made from 0.25mm compound AR131 plastic (Arnet 
Industries, Concord, Ontario, Canada) cut into 8 x 14cm sheets. Pliable plastic tubing cut to 
14cm length, inner dimension: 1.58mm, outer dimension: 3.18mm (Dow Corning, Midland, 
MI) with three 2.0 x 1.5mm incisions made 7.5mm from the distal tip. The AR131 plastic 
sheet was wrapped around the tubing and sealed using a silicone bonding adhesive (Dow 
Corning) creating a sealed 4 x 3cm pliable balloon.  
 
2.3.4.1 Pericardial pressure balloon assembly 
Balloons were connected to a 120cm long pressure monitoring tubing with male/female luer 
lock manometer line MX564PI (Smiths Medical international Ltd) using adhesive Polyolefin 
KBM100 medical heat-shrink tubing adhesive heat-shrink tubing (PMG Company, UK) cut 
to a length of 4.0 cm. Pressure balloon assembly were sent for gas sterilised with ethylene 
oxide (Anderson Caledonia Bellshill, UK) 
 
2.3.4.2 Calculating balloon filling volume  
 
Before being sent for gas ethylene oxide (Anderson Caledonia Bellshill, UK) each balloon 
assembly was injected with 5% heparinised saline and de-aired to ascertain an independent 
volume capacity (range 3.2 – 3.9ml)  for each support pressure circuit. Prior to use each 
balloon was re-filled with the pre-calculated volume of 5% heparinised saline using a 
standard aseptic technique.  
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2.3.4.3 Calculating applied balloon pressure  
 Static calibration test were performed on the pericardial balloons using a pre-constructed 
PLEXIGLAS® calibration chamber. This chamber consists of  PLEXIGLAS® cylinder (outer 
dimension: 12.7 cm, inner dimension: 11.4 cm), a central 0.25mm compound AR131 (Arnet 
Industries, Concord, Ontario, Canada) plastic circular sheet which acted as an un-stressed 
membrane and supportive PLEXIGLAS®   top plate.  A small trough carved unto the plastic 
of the top plate, which permits the pericardial balloon to lie on top of the membrane while 
permitting an air tight seal within the chamber. There is also a small side port on the main 
cylinder which allowed us to alternate and manipulate pressure.  
Following each study the applied pressure of each balloon was re-confirmed using the same 
calibration chamber (Figure 2-8). 
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a) PLEXIGLAS® main chamber cylinder. Side port 
allowing internal pressure manipulation. 
a) 0.25mm compound AR131 plastic circular sheet 
which acted as an un-stressed membrane
a) PLEXIGLAS® support plate. A small trough carved 
unto the plastic permits the pericardial balloon to lie on 
top of  the membrane while permitting an air tight seal 
within the chamber. 
Side port
Trough within 
support  plate
Pericardial balloon 
lying on membrane
 
 
 
 
 
Figure 2-8    Pericardial balloon calibration chamber 
Static calibration test were performed on the pericardial balloons using a pre-constructed PLEXIGLAS® calibration chamber. This chamber 
consists of a; PLEXIGLAS® cylinder), a central 0.25mm compound AR131 plastic circular sheet which acted as an un-stressed membrane 
and supportive PLEXIGLAS®   top plate.  A small trough carved unto the plastic of the top plate which permits the pericardial balloon to lie 
on top of the membrane while permitting an air tight seal within the chamber. There is also a small side port on the main cylinder which 
allowed us to alternate and manipulate pressure. 
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2.3.4.4  Pressure system bench test 
We conducted a bench test with the first balloon assembly we constructed to observe the 
effect different filling volumes would have on the resting pressure. This test was conducted 
using the haemodynamic monitoring system in a catheterisation laboratory (Siemens AXIOM 
Artis dBC) at St Mary’s hospital. In our first experiment, we lay the assembly on a flat plate, 
de-aired the circuit and filled it with different amounts of saline (3-7mls) and observed the 
drift in baseline pressure (Figure 2-9). 
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Figure 2-9 Balloon assembly bench test 1 
Results of the first bench test, where the unstressed balloon assembly was placed on a 
flat plate. The assembly was slowly filled with saline to observe the effect increased 
filling had on resting pressures.   
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In our second experiment, we used the calibration chamber mentioned in 2.3.4.3, which 
allowed us to apply different amounts of stress to the surface of the balloon as it lay on an 
unstressed and compliant membrane. Once in place the chamber was filled to a number of 
different pressures via the side port and sphygmomanometer (Figure 2-8). We found that 
there was a linear relationship between the balloon assembly and the applied chamber 
pressure (Figure 2-10).  
We found that the difference between the balloon assembly and the calibration chamber did 
not exceed 1.0mmHg (mean 0.64±0.23). 
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Figure 2-10 Balloon calibration chamber bench test 2 
Results from the second bench test where the pericardial balloon was placed on a complaint 
membrane within the airtight calibration chamber. Through a small side port and 
sphygmomanometer, the internal pressure of the chamber could be manually increased  or 
decreased  to a range of different desired pressures. This allowed us to apply different 
amounts of stress to the surface of the balloon as it lay on an unstressed and compliant 
membrane. We found that there was a linear relationship between the pressures measured 
by the pericardial balloon assembly and the applied pressure within the calibration 
chamber.  
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In our third experiment, we fed an intra-coronary pressure wire (ComboWire, XT. Diameter: 
0.36mm/ length 185cm) into the middle of the balloon via an angioplasty manifold kit, 
ensuring that the ‘O’ ring was tightly closed, we inserted the wire into the pre calibrated and 
fluid filled balloon assembly. We did this to test how accurate the pericardial balloon could 
measure pressure and also to compare the frequency response of the balloon assembly 
compared to that of the Combo pressure wire. 
We placed the balloon on a flat plate and simultaneously recorded both balloon assembly and 
pressure wire measurements while we repetitively applied and removed blocks which had 
been pre-calculated to apply a stress of either 17.7 or 32.0mmHg.  
From this experiment, we showed that the pressure measurements recorded by the balloon 
correlated with that of the Combo wire. Signal noise was visible on the balloon assembly at 
timepoints when the weight was lifted from the surface of the balloon. The Combo pressure 
wire has a digital smoothing polynomial filter of 100Hz which is ideal for acquiring 
haemodynamic data which has a large frequency range with rapid variations in wave forms 
from high to low. In this bench test we noticed that the signal from the pericardial balloon 
only recorded noise specifically once the applied stress was removed. This artefactural noise 
was not visible on the filtered signal of the Combo pressure wire (Figure 2-11). We aimed to 
use the pericardial balloon to measure pressure within the pericardial space making 
measurements at time-points when the balloon assembly would be exposed to the maximum 
amount stress, specifically end-diastole. In this bench test we proved that the balloon 
assembly could accurately record the peak measurement of applied stress with noise artefact 
embedded within the signal.  
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Figure 2-11 Balloon assembly Vs Combo pressure wire – Frequency response – 
Bench test 3  
Signals from the third bench test where a Combo pressure wire was placed inside a pre-
calibrated balloon assembly and placed on a flat plate. We placed the balloon on a flat 
plate and simultaneously recorded both balloon assembly and pressure wire 
measurements while we repetitively applied and removed blocks, which had been pre-
calculated to apply a stress of either 17.7 or 32.0mmHg. From this experiment, we 
showed that the pressure measurements recorded by the balloon correlated with that of 
the Combo wire. Signal noise was visible on the balloon assembly at timepoints when the 
weight was lifted from the surface of the balloon. More importantly, no noise was seen at 
the timepoints measuring peak pressure as this period represented what would later be the 
intraoperative timepoint of end-diastole. 
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2.3.4 Right heart catheter 
Right heart pressures were measured using a 7.5 Fr. 5-Lumen, 110 cm, Hands-off 
thermodilution catheter (TwistLock™ Cath-Gard®) with an Arrow percutaneous Sheath 
Introducer System (Arrow International) (Figure 2-12). The catheter was pre-flushed with 
heparinised saline and advanced into the pulmonary circulation through the percutaneous 
sheath located in the internal jugular vein.  
Catheters are routinely placed in the pulmonary circulation during cardiac procedures to 
measure direct pressure i.e.: right atrial. Right ventricular, wedge pressures and cardiac 
output. They are also used for continuous monitoring of central venous pressures. Placement 
of these catheters can be easily achieved by an experienced operator relying on real time 
pressure wave forms confirm catheter tip location, removing the need for fluoroscopic 
guidance.   
 
 
 
Figure 2-12 Measuring right heart pressures 
Right heart pressures were measured using a 7.5 Fr. 5-Lumen, 110 cm, Hands-off 
thermodilution catheter  (TwistLock™ Cath-Gard®) with an Arrow percutaneous Sheath 
Introducer System (Arrow International 
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2.3.5 Pressure cartridges and transducers  
 
All balloon assembly’s and right heart catheters were connected to a disposable venous 
MX9634B 2 x cartridge transducer with integrated flush system (Smiths Medical 
international Ltd). These were then inserted into two independent SURE-CAL LogiCal 
pressure monitoring transducers (Smiths Medical international Ltd). Both transducers were 
connected to the acquisition circuit and labeled: PC (Pericardium) and RV (Right ventricle) 
(Figure 2-13).   
 
 
 
 
 
 
 
Figure 2-13 SURE-CAL LogiCal pressure monitoring transducer 
All balloon assembly’s and right heart catheters were connected to a disposable venous MX9634B 
2 x cartridge transducer with integrated flush system (Smiths Medical international Ltd). These 
were then inserted into two independent SURE-CAL LogiCal pressure monitoring transducers 
(Smiths Medical international Ltd).  
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2.3.7   RV and pericardial pressure output 
Both pressure transducers were fed into a two 2-channel PCU-200 pressure transducer control 
/ amplifier unit (Millar Instruments, Inc).  The Millar unit allowed us to conduct accurate and 
immediate calibration checks, balance both transducers either independently or 
simultaneously, and safely isolate and amplify both pressure signals.(Figure 2-14) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-14 2-channel PCU-200 pressure transducer control / amplifier unit 
A two 2-channel PCU-200 pressure transducer control / amplifier unit (Millar Instruments, Inc).  
The Millar unit allowed us to conduct accurate and immediate calibration checks, balance both 
transducers either independently or simultaneously, and safely isolate and amplify both pressure 
signals 
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2.3.8 Logging intra-operative events 
2.3.8.1 Logging events for pressure data collection  
Events for all pressure data were entered onto the ‘comments’ input section of the live 
Labview acquisition screen. This information was time stamped after entry and compressed 
into a .ZIP file with the pressure data for post processing and analysis.  
 
2.3.8.2 Logging events for transoesophageal data collection  
Events during transoesophageal data collection were entered by annotating free text in the top 
left corner of the image prior to acquisition. 
 
2.2.8.3 Audio log of events  
A Dictaphone (Olympus Pearlcorder S701) was used in all to time stamp the onset of 
proceedings or mark the onset of events. This was later used to compile patient event logs 
and used to confirm and indent the precise onset (within seconds) of specific events which 
occurred during surgery.  
2.3 Digital Acquisition system 
2.3.1 Hardware 
The beat by beat signals of the pericardial support pressure and right heart haemodynamic 
signals were outputted in analogue format and sent through a Miller pressure-volume system 
(MPVS-Ultra) digital conversion unit. These, in addition to the ECG signal, were then sent 
into a BNC-2010 connector box (National instruments). From this all signals were sent via a 
70 multi-pin output cable to an analogue to a digital card (DAQ-Card AI-16E-4, National 
instrument)  
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2.3.2 Software 
All data was acquired at 1kHz using Labview 7 graphical programming system and stored on 
a HP laptop computer (HP Compaq NX 9010). Pre-written Labview 7 software permitted a 
live on-screen digital display of pericardial and intra-cardiac pressures, and ECG traces 
(Figure 2-15). Data files were labelled using unique / anonymised reference numbers 
allocated to each patient. Channels were pre-allocated and labelled during circuit 
construction: Pericard (Pericardial), RV (right ventricle), ECG (Electrocardiogram).  All 
channels and comments (entered on the live acquisition system screen) were the recorded and 
saved as separate text files on the laptop hard drive. Text files contained the anonymised 
patient reference number and the data and precise time of acquisition for ECG, pressure, 
comments entry.  All data text files were converted in single .ZIP files and analysed off-line 
using custom-written Matlab software (Mathworks, Natick, MA) (Figure 2-16).  
 
2.3.3 Analysis of pressure data post acquisition  
All intra-cardiac pressure data was analysed off-line using custom-written Matlab software 
algorithm (Mathworks, Natick, MA).  
 
2.3.4 Recording  
Each image acquired by the echocardiography machine was recorded in Dicom format. At the 
end of each study images were filed under the patient’s unique anonymised reference number 
and stored on the machines hard drive. After each case images were exported via a secure 
hospital network to an image storage and analysis system Medcon UK (Mc Kesson, CA). 
Each study was also backed up on a DVD. Pressure data compressed into .ZIP files by the 
acquisition system was backed up on two encrypted external hard drives. 
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Figure 2-15  Digital display of live screen acquisition system 
 
HP laptop computer (HP Compaq NX 9010) using Labview 7 graphical 
programming system and pre- written Labview 7 software permitting a live on-
screen digital display of pericardial and intra-cardiac pressures, and ECG traces. 
Channels were pre-allocated and labelled during circuit construction: Pericard 
(Pericardial), RV (right ventricle), ECG (Electrocardiogram).   
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Figure 2-16 Diagram of intracardiac pressure acquisition circuit   
Diagram of intra-operative interventional pressure data acquisition circuit. 
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2.4 Cardio pulmonary lung function testing 
As part of this work we retrospectively assessed the pulmonary exercise results of a large 
cohort of heart failure patients. Data was collected and analysed solely for the purpose of this 
thesis by its author. Cardiopulmonary exercise testing (CPX) is an effective method of 
simultaneously assessing the responses of both the cardiovascular and respiratory systems by 
measuring the gaseous exchange at the patients airway during exercise. In addition to 
ventilatory monitoring additional 12 lead ECG , heart rate and blood pressure response are 
measured.  As both systems are worked harder to supply the increasing demand for oxygen 
by muscle during stress and removal of metabolic CO2, and CPX testing is therefore a unique 
method of assessing cellular cardiovascular and respiratory response simultaneously under 
precise conditions of stress.   
Exercise testing was performed using a Medgraphics cardiorespiratory diagnostic system 
(Medstad, Canada) using a treadmill in a well air-conditioned room. A Bruce protocol was 
used, with the addition of a “stage 0,” consisting of 3 minutes at a speed of 1 mile per hour 
with a 5% gradient. We measured VO2, CO2 production, and minute ventilation using breath-
by-breath gas analysis with a heated calibrated pneumotachograph and respiratory mass 
spectrometer.  Peak VO2 (the highest value at end-exercise, as a 20-s average) and ventilatory 
efficiency on exercise (slope of the ventilation vs. VCO2 relation in its linear part) were then 
determined. 
 2.5 Preparation of equipment  
2.5.1 Intra-operative transoesophageal echocardiography 
  
Patients were not invited to take part in the invasive (TOE) echocardiography section of the 
study if they had a known latex allergy, had previously received throat or stomach surgery, or 
reported problems swallowing. This information was acquired at the time of pre-operative 
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assessment.  As all patients were already starved in order to undergo surgery it was not 
necessary to request for patients be nil by mouth for the transoesophageal echocardiogram.  
The transoesophageal echocardiography probe was first covered with a pre-lubricated latex 
ultrasound cover (Mictrotek Medical. NL). Additional lubrication gel was put on the distal 
end of the probe (Instillagel, CliniMed LTD). This local anaesthetic gel makes probe 
intubation into the oesophagus much easier and therefore reduces the risks associated with 
localised blunt trauma when passing the probe across the epiglottis.  In all cases the probe 
was inserted by the attending consultant anaesthetist once the general anaesthesia had been 
administered and the patient’s airway was secured. Transoesophageal probe insertion was 
conducted under laryngoscope guidance. General anaesthesia delivery and probe insertion 
was conducted in an anaesthetics room which was neighbouring the main theatre. The probe 
operating handle and connection port was secured by the patient and connected to the 
machine once the patient had been transferred onto the operating table. ECG leads were then 
attached to the patient and a clear signal established. The probe operating handle was then 
recovered and the connection port inserted into the echocardiography machine to initiate 
automatic calibration and image initialisation. The marked the onset of echocardiographic 
data collection. Image acquisitions containing five beats were taken every minute.   
 
Data collection was only terminated in those cases where the heart was stopped and patients 
where placed on cardiopulmonary bypass. Recording resumed once the patient had been fully 
weaned from cardiopulmonary bypass and a Fentanyl infusion had been administered.  
The probe extubated just before patients were transferred from the operating table onto the 
bed of the recovery unit.     
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2.5.2 Pre and post operative transthoracic echocardiography 
 
Transthoracic echocardiography (TTE) was carried out in the cardiology imaging department. 
The Vivid I echocardiography machine was positioned in a well air conditioned clinical 
examination room. Patients were placed in the left lateral decubitus position and an ECG 
(I,II,III) was attached. A full transthoracic echocardiogram was then carried out. Each 
acquisitions consisted of five successive beats using ECG triggering. Care was taken in the 
post operative patients as most still reported residual sternal pain caused by surgical trauma. 
 
 
2.5.3 Pressure measurements 
 
2.5.3.1  Pericardial pressure 
 
 In a smaller cohort of our patients we used a slender fluid filled balloon to measure 
pericardial pressure (PcSP) over the right ventricle. Each balloon assembly was filled with 
heparinised saline and de-aired using a sterile 50 ml syringe to a pre-calculated independent 
volume capacity (range 3.2 – 3.9ml)  using a standard aseptic technique (Figure 2-17). Before 
insertion in to the pericardial space, each balloon was connected to the transducer which was 
zeroed using the Miller pressure conversion unit. The balloon was zeroed while it was at the 
level of the heart, after sternal opening. Recordings of PcSP were ongoing from the time the 
balloon assembly was connected to the transducer until the assembly was removed. The 
pericardial pressure wave form was displayed continuously on the laptop during the 
recording. Each balloon was inserted into the pericardial space through a small 2 cm 
horizontal puncture made at the mid-line of the superior border of the pericardium. This 
allowed the balloon to be inserted into the pericardial space to record pericardial pressure 
without impacting on pericardial integrity.  
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Figure 2-17 Sterile pericardial balloon assembly 
Using a standard aseptic technique two slender fluid filled balloons are prepared. One 
of which is later selected  to measure pericardial pressure (PcSP) over the right 
ventricle. Each balloon was filled with a pre-calculated independent volume of 
heparinised saline the balloon assembly is connected to a sterile 50 ml syringe to keep 
the circuit closed.  
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 2.5.3.2  Right heart haemodynamics  
 
 In the smaller pericardial balloon cohort we also simultaneously recorded right heart 
haemodynamics using a 7.5 Fr. 5-Lumen, 110 cm, Hands-off thermodilution catheter 
(TwistLock™ Cath-Gard®, Figure 2-12). This allowed us to measure pressure under aseptic 
conditions by inserting the catheter through an Arrow percutaneous sheath introducer system 
(Arrow International). Percutaneous access was achieved via the internal jugular vein.  
The sheath was inserted by the attending consultant anaesthetist in the anaesthetic room soon 
after general anaesthesia was administered.   
Prior to use the catheter system was flushed thoroughly and de-aired using heparinised saline.  
Ensuring the system remained sterile, the catheter was connected to the second transducer 
(RV) which, like the balloon assembly, was zeroed using the Miller pressure conversion unit 
at the level of the heart once the patient had been transferred onto the theatre table (Figure 2-
18). After transfer the catheter was inserted into the right ventricle by the attending consultant 
anaesthetist via the superior vena cava. Radiographic screening was not available or needed 
and catheter tip placement was achieved by observing the live visual pressure display on the 
Labview 7 acqusition software. The catheter balloon was only inflated to cross the tricuspid 
valve. Once the catheter had been advanced into the right ventricular the balloon at the tip 
was deflated to reduce the risk of vessel occlusion and possible subsequent segmental 
pulmonary infarction. As this catheter was intended for continuous monitoring the pressure 
trace was continuously monitored by the anaesthetic registrar to inform us of any suspected 
catheter migration during recordings. Once a stable position was achieved the catheter was 
thoroughly flushed, via the flush valve on the disposable transducer cartridge.     
In patients where the placement of the catheter into the right ventricle was prompting 
persistent and unacceptable ventricular ectopy the decision was made to advance the catheter 
slightly into the main pulmonary artery.   
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Balancing transducer to 0.0mmHg
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-18 Balancing transducer circuit 
The Millar PCU-200 pressure transducer control was used to balance both channels to 
0.0 mmHg before connecting to either the pericardial balloon assembly or the RV 
catheter.  
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2.5.3.3 Limiting error during pressure data acquisition 
Errors in pressure readings can be easily introduced when the height of the transducer or 
theatre table are altered. If the table is elevated then pressure readings will decrease, similarly 
if the table is reduced pressure readings will increase. For this reason during the periods of 
pressure data collection the height of the theatre table was not adjusted.  Fluid loading was 
also regulated and, in the CABG patients, vein harvesting postponed until after pressure data 
recordings were acquired.  
 
 
2.5.3.4 Signal artefact during pressure data acquisition 
Diathermy used high frequency current (300 kHz to 3 MHz) to produce heat that can either 
be used to cut through or destroy tissue or assist in controlling bleeding by coagulation. 
During cardiac surgery once the sternum is fully opened following mid-line sternotomy, the 
pericardium is opened using either a scalpel or diathermy approach, depending on the 
surgeon’s preference.  In clinical measurement recorders it is well know that diathermy 
causes severe interference by saturating the signals amplifiers causing immense waveform 
artefact and errors in data display. Although newer diathermy machines have a higher 
frequency output aimed to reduce the level of interference it was still noted on all the ECG, 
pericardial balloon and pulmonary catheter channels during signal measurement, indeed 
especially during crucial periods of data collection (Figure 2-19).  
For this reason we requested that during pressure studies the periods during staged pericardial 
opening that diathermy used would be stopped temporarily, unless deemed necessary. Data 
collection for this part of the study was only carried out at the beginning of the study 
therefore once completed diathermy use was resumed. 
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Figure 2-19 Limiting intraoperative signal artefact 
 
Example of diathermy artefact of ECG trace from Labview 7 heamodynamic recording system. 
These periods of essentially data loss, where recording were deemed un-interpretable were 
reduced by requesting cessation of diathermy using during periods of data collection.    
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2.6  Calibration  
2.6.1  Pressure acquisition system 
The Millar PCU-200 pressure transducer control / amplifier unit (Millar Instruments, Inc) has 
two 2-channels which allowed us to conduct accurate and  immediate calibration tests using 
automated presets of: 25.0 mmHg, 100.0 mmHg or 125.0 mmHg signals to both transducers 
(Figure 2-20). The Millar unit also allowed us to independently or simultaneously isolate and 
amplify both pressure signals. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-20 Transducer calibration 
 
The Millar PCU-200 pressure transducer control / amplifier unit (Millar Instruments, 
Inc) has two 2-channels which allow accurate and immediate calibration tests using 
automated presets of; 25.0 mmHg, 100.0 mmHg or 125.0 mmHg signals to both 
transducers. 
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2.6.2  Echocardiographic imaging 
Calibration of both transthoracic and transoesophageal echocardiography probes is 
automatically initiated after inserting the transducer port into the machine. Calibration 
settings are preset by the manufacturers during the time of construction. Machines in our unit 
are routinely serviced every two years and calibration settings are routinely checked and 
optimised. At the beginning of this study we requested a GE engineer service the machine to 
ensure calibration settings for both Transthoracic and Transoesophageal probes were 
optimised.  
 
2.6.2  Cardio pulmonary exercise testing 
Calibration of the MVO2 system was carried out in keeping with the Guidelines for clinical 
exercise laboratories (Pina et al,1995).  
2.6.2.1  Tread mill 
Calibration of the treadmill speed was achieved by the leading physiologist during initial 
laboratory setup using equation 2-3:  
 
Belt length (inch) x number of revolutions per min   
                                  1056 
 
Equation 2-3 Calibration of treadmill speed which converts inches per minute to 
miles per hour. 
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2.6.2.2   Gas ventilatory system 
 
Accurate interpretation of test results is possible only if calibration values are appropriate. 
Therefore the metabolic system was calibrated just before and immediately after each test. 
Calibration of airflow included both the oxygen (O2) and carbon dioxide (CO2) analyzers. 
Gas analyzers and flow meters are prone to drift, which can lead to serious errors. A 
microprocessor within the system controls all calibration systems. Due to the variation of O2 
concentration of in the inspired air a thermometer, barometer, and hygrometer are placed in 
the room.  
The following calibration procedures were performed prior to each test:  
Room air was recorded and read within the recommended values of 20.93±0.03% O2 at 0% 
humidity. A calibration source containing 100% nitrogen read 0% O2. The CO2 analyzer 
recoded an air fraction of 0.03±0.02% and showed no significant change when the 100% N2 
or 16% O2 fractions were sampled from the calibration tanks.  
 
 
 
2.7  Reproducibility  
2.7.1   Reproducibility of pressure data 
All pressure data was analysed using a customised programme written within Matlab. This 
fully automated software provides 100% reproducibility in the measurement of all 
haemodynamic data wave forms. Matlab software was used to measure waveforms in all 
experimental chapters where invasive haemodynamic measurements were recorded. 
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2.7.2   Reproducibility – Intra and inter-observer variability of 
transthoracic echocardiography data 
 
Echocardiography data observer variability was calculated by assessing five independent 
beats of >80% of each patient group involved in the study before and after surgery. Tabulated 
inter / intra-observer reproducibility is reported as coefficient of variation (standard deviation 
÷ mean) and mean, while in all figures and reported inter / intra-observer reproducibility is 
reported as coefficient of variation in %.   
The mean and standard deviation difference was calculated using methods of Bland-Altman 
(Bland and Altman et al, 1986). The figures of these results are reported in the reproducibility 
sections of each experimental chapter. The tabulated results are located in the appendix I.  
 
 
  2.7.3   Reproducibility – Intra-observer variability of intraoperative 
transoesophageal echocardiography data 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study). 
Transoesophageal echo (TOE) data variability was calculated by assessing 20 independent 
beats from each type of surgery at three time-points; at the start of the operation, following 
pericardial incision and at the end of the case.  Tabulated intra-observer reproducibility is 
reported as coefficient of variation (standard deviation ÷ mean) and mean, while in all figures 
and reported intra-observer reproducibility is reported as coefficient of variation in %.  The 
tabulated results are located in the appendix I.
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3.0  The right ventricular annular velocity reduction 
caused by CABG surgery occurs at the moment of 
pericardial incision.    
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3.1 Abstract 
Right ventricular (RV) long axis velocities are well known to be depressed following 
cardiac surgery but the mechanism is not known. We hypothesised that intraoperative 
transoesophageal echocardiography could pinpoint the time at which this happens, to help 
narrow the range of plausible mechanisms. Transthoracic echocardiography was 
conducted in 33 patients before and after elective CABG.  In an intensively monitored 
cohort of 9 patients, we also monitored RV function intraoperatively using serial Pulse-
Wave Tissue Doppler (PW TD) transoesophageal echocardiography (TOE).  
There was no significant difference in myocardial velocities from the onset of the 
operation up to the beginning of pericardial incision, change in RV PW TD S’ velocities 
3±2%, (p=ns). 
Within the first 3 minutes of opening the pericardium, RV PW TD S’ velocities had 
reduced by 43±17% (p<0.001). At 5 minutes post pericardial incision, 2 minutes later,  the 
velocities had more than halved, by 54±11% (p<0.0001). Velocities thereafter remained 
depressed throughout the operation, with final intraoperative S’ reduction being 61±11% 
(p<0.0001).  One month after surgery, in the full 33 patient cohort, transthoracic 
echocardiogram data showed a 55±12% (p<0.0001) reduction in RV S’ velocities 
compared with pre-operative values. 
Minute-by-minute monitoring during cardiac surgery reveals that virtually all the loss in 
RV systolic velocity occurs within the first 3 minutes after pericardial incision. RV long 
axis reduction during coronary bypass surgery results not from cardiopulmonary bypass, 
but rather from pericardial incision.  
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3.2 Introduction 
The reduction in right ventricular long axis velocities following coronary artery 
bypass (CABG) surgery is a widely recognised phenomenon (Alam et al, 2003; Carr-
White et al, 1999; and Brookes et al, 1998). This depression remains evident at 12 
months or longer (Alam et al, 2003), in contrast to the transient mild reduction in left 
ventricular function that frequently recovers within 48 hours of surgery (Kloner et al, 
1994 and Roberts et al, 1981) . 
There are many proposed mechanisms for the reduction in right ventricular long axis 
function, but they have been difficult to prove or disprove. One important step in 
reducing the number of hypotheses would be to identify the precise time at which 
right ventricular annular velocities fall, as this would automatically exclude proposed 
injuries that occur afterwards, and make injuries that occur long before also look less 
plausible.  
 In this study we utilise PW tissue Doppler imaging (PW TD) as a means of assessing 
RV function (Meluzin et al, 2001 and Hammarstrom et al, 1991). Right ventricular 
long axis function can be easily assessed using tissue Doppler imaging which 
provides a simple and reproducible method of analysing systolic and diastolic 
myocardial tissue velocities, which can be done transthoracically (TTE) (Alam et al, 
1999; Meluzin et al, 2001; Dokainish et al, 2007; and Diller et al, 2008) at any time 
before or after surgery and by transoesophageal echocardiography (TOE) during 
surgery (Derumeaux et al, 1998 and Claude et al, 2006). 
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The aim of this study was to use transoesophageal echocardiography to assess right 
ventricular long axis velocities throughout coronary artery bypass surgery procedures. 
In an additional larger group of patient’s transthoracic echocardiography was used to 
assess right ventricular long axis function pre and post-operatively, thus permitting us 
to easily identify the time point at which right ventricular long axis velocities start to 
decline. 
 
3.3 Method  
 
3.3.1 Subjects  
 
Between July 2008 and January 2009, the number of patients who underwent isolated 
elective coronary artery bypass surgery at St Mary’s Hospital. Imperial College NHS 
Trust, London was 108. We prospectively recruited 33 patients (23 men, mean 69±8 
years) referred for routine isolated elective first coronary artery bypass surgery 
between July 2008 and January 2009. During that time, the number of patients who 
underwent isolated elective first coronary artery bypass surgery was 83. Exclusion 
criteria were the need for concomitant valve surgery, prior history of cardiac surgery 
and lone atrial fibrillation. We carried out transthoracic echocardiograms one week 
before and one month after surgery. Echocardiographic and tissue Doppler 
measurements are shown in Table 1. 
Nine of these patients agreed to undergo continuous intraoperative monitoring by 
transoesophageal echocardiography. These patients (4 men and 5 women, mean 
66±12 years) underwent recordings of right ventricular PW tissue Doppler myocardial 
velocities at frequent intervals from the onset of general anaesthesia to the time of 
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skin suturing. The timing of each stage of surgery was documented for each patient, 
so that the right ventricular velocity data could be mapped to surgical steps.  
 
3.3.2 Measurements: 
 
3.3.2.1   Pre and post-operative Transthoracic echocardiography 
Each patient was scanned using conventional 2D, pulsed wave and tissue Doppler 
imaging techniques one week before and one month after surgery. Patients were 
placed in the left lateral decubitus position, where using a Vivid I system (GE 
Healthcare, Waukesha, WI), both parasternal and apical imaging windows were 
imaged using a S5-1, 3.5 MHz transducer at a mean depth of 16cm. Ventricular 
fractional shortening (FS) and left atrial dimensions were calculated from the 
parasternal imaging windows, while ventricular volume estimates, atrial area 
estimates, annular M-mode excursion, tissue Doppler imaging and pulsed wave 
Doppler velocities were calculated from the apical window. 
 
 
 
 
FS (%) = LVEDD-LVESD  X 100% 
                      LVEDD 
 
LVEDD   LV end-diastolic dimension (cm) 
 
LVESD    LV end-systolic dimension  (cm) 
 
 
3 - 1 Equation for calculating LV fractional shortening (taken from parasternal 
view)  
 
(Lewis et al,1971) 
 
 
 
91 
 
 
 
Left ventricular ejection fraction (EF) was assessed from the major axis using the 
Simpsons method.  
 
 
 
 
 
3 – 2 Equation for calculating Ejection fraction: Simpsons (Bi-plane) 
 
(Feigenbaum et al,1994)  
 
 
 
 
Right ventricular dimensions were taken in both minor and major axis positions. 
Dimension estimates were made in both parasternal long axis and short axis views. 
These measures were repeated in the lateral-medial plane, perpendicular to the major 
axis from a point one third the length of this axis from the tricuspid valve annulus. 
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There have been many attempts to calculate right ventricular volumes and there are 
many techniques which have been developed thus far, although they are rather 
complex. Limitations in efficiently calculating right ventricular volume arise due to its 
complex geometry making it impossible to visualise the entire cavity in one single 
imaging plane. Currently, there are no current techniques using 2D echo which have 
been inaugurate in routine transthoracic echocardiography in the calculation of its 
volume. 
In this thesis all experimental chapters calculated right ventricular major axis cavity 
length, area, and volume, measurements were taken and ejection fraction estimates 
using the following equations.   
 
 
FS (%) = RVEDD-RVESD  X 100% 
                      RVEDD 
 
3 – 3  Equation for calculating right ventricular Fractional Shortening 
 
 
 
Area = (½) ∑  Xi (Yi - Yi-1) - Yi (Xi – Xi-1) 
                       i = 1 
 
3 – 4 Equation for calculating area  
(Shittger et al, 1989)  
 
 
 
 
 
Volume = 0.85 A2 
                          L 
3 – 5 Equation for calculating right ventricular Volume (Area -length method) 
(Shittger et al,1989) 
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FS (%) = RVEDD-RVESD  X 100% 
                      RVEDD 
 
RVEDD   RV end-diastolic dimension (cm) 
RVESD    RV end-systolic dimension  (cm) 
 
3 – 6 Equation for calculating right ventricular Fractional Shortening  
 
 
As an independent measure of RV function, the myocardial performance (Tei) index 
was calculated for each patient. The isovolumetric relaxation time (IVRT), 
isovolumetric contraction time (IVCT) and ejection time (ET) were derived from 
tissue Doppler tracings (Tei et al, 1996 and Yasouka et al, 2005). The Tei index was 
calculated as (IVRT + IVCT) / ET.  
 
 
PW Doppler:
Tricuspid inflow (above)
RVOT outflow (below)
A
E
A
E
RVOT outflow
ICT IRT
a
ET
b
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PW TD 
Waveform 
A’ A’
E’
S’S’
a
b
IVCT IVRT
 
 
RV Tei index = IVCT + IVRT  = TCOT - RVET  
                                   RVET                  RVET 
 
TCOT     = Tricuspid valve closure to opening time (ms) 
RVET     = RV Ejection time (ms) 
 
 
 
Myocardial performance index =    (a – b) 
                                              B 
 
 
3 – 7 Equation and diagram for calculating RV myocardial performance Index 
using both the pulsed wave Doppler and tissue Doppler method (Tei et al, 
1996 and Tekten et al,2003) 
 
 
 
Pulse wave tissue Doppler imaging (PWI) myocardial velocities and M-Mode annular 
systolic excursion plane estimates were also measured by placing the pulsed wave and 
M-Mode sample volume at the level of the basal RV free wall (TAPSE) and basal 
septum (SASPE), where the mean values of four consecutive beats of were recorded. 
The PWI sample volume length for each patient was set between 2 and 5mm to 
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minimise spectral broadening. Recordings were acquired and used to estimate both 
RV and LV excursional distances (cm) and myocardial velocities (cm/s). 
Ventricular filling was assessed using both trans-mitral and tricuspid PW Doppler 
sampled from the apical window. The PW Doppler sample volume was placed at the 
level of the mitral and tricuspid leaflet tips using the guidance of spectral colour 
Doppler.  All Doppler recordings were acquired during normal respiration, and were 
utilised to calculate the following variables: (a) E, A, E’, A’, and S’ velocities ,  (b) 
E:A / E:E’ ratios, (c) stroke volume, (d) cardiac output, (e) Estimated pulmonary 
artery pressures and (f) Tricuspid regurgitation dP/dt values.  
 
 
 
RVSP  (mmHg) = 4(TR V max)2 + RA pressure   = RV systolic 
pressure 
 
 
TR V Max         = TR Max Jet Velocity (m/sec) 
 
 
3 – 8 Equation for estimating RVSP (estimated by Tricuspid regurgitation) 
(Yock et al,1984) 
 
 
 
 
 
SV (mL)         =  pi(LVOT/2)2  x VTI1      
 
CO (L/min)     = SV x HR/100 
 
3 – 9 Equation for calculating Stroke Volume, cardiac out put 
(Huntsman et al, 1983) 
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3.3.2.2 Intra-operative Transoesophageal echocardiography  
 
Intra-operative transoesophageal echocardiography examinations were carried out in 9 
of the 33 patients using a multiplane 5-MHz transoesophageal transducer and Vivid I 
system (GE Healthcare, Waukesha, WI). The probe was placed at a mean depth of 
30cm at a mean angle of 22 degrees where a mid-oesophageal four-chamber view was 
obtained.  
Pulse wave tissue Doppler (PW TD) myocardial velocities estimates were measured 
by placing the pulse wave sample volume 1cm from the level of the tricuspid annulus 
during ventricular systole where the mean values of four consecutive beats of were 
recorded. The PW TD sample volume length for each patient was set between 2 and 
5mm to minimise spectral broadening (Figure 3 -1). Recording commenced once a 
working view was located which permitted the operator to replicate the tricuspid 
annular velocities obtained during the pre-operative transthoracic echocardiogram.   
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Figure 3-1 Example of Pulsed wave tissue Doppler using TTE and TOE 
 
Image on the left shows an example of a PW TD wave form obtained from transthoracic 
echocardiography. Images on the right show an example of PW TD waveform obtained from 
Transoesophageal echocardiography. 
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RV annular velocities were frequently recorded, initially from the onset of general 
anaesthesia up until the end of the operation when the skin was sutured, the mean 
values of 4 consecutive beats were calculated retrospectively. Recordings were 
acquired during normal ventilated respiration. 
In patients undergoing off pump ‘beating heart’ coronary arterial bypass grafting, 
velocity recordings were made continuously during the procedure up until the point of 
skin suturing. In patients receiving on-pump coronary bypass, where the heart needed 
to be stopped using anterograde crystalloid cardioplegia and the patient placed on a 
heart and lung bypass machine, recordings were taken up until the point of bypass 
cannulae insertion. The recording of tissue Doppler velocities resumed after full 
weaning from cardiopulmonary bypass and after protamine had been administered. 
Recording continued until the time the skin was sutured. All peri-operative tissue 
Doppler data was recorded by a senior, highly experienced transoesophageal 
echocardiography operator.  
  
 3.3.3 Statistical analysis 
Statistical analysis was performed using Statview 5.0 (SAS Institute Inc). Continuous 
data are expressed as mean ± standard deviation (SD). Comparisons between patients 
before and after surgery were made using Student’s paired t-test. Comparisons 
between subgroups were made using unpaired t-tests. A p value of <0.05 was 
regarded as significant. Reproducibility of echocardiographic measurements were 
assessed using the method of Bland-Altman.  
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3.4 Results 
The transthoracic echocardiographic measurements of all 33 subjects scanned before 
and following surgery are shown in Table 1. All subjects were confirmed by 
echocardiography to have good ventricular function with no regional wall motion 
abnormalities  and no valve dysfunction other than mild regurgitation. All subjects 
had end-systolic and end-diastolic dimensions and volumes within normal limits. 
Measurements are shown in Table 2 
 
3.4.1 Intraoperative findings 
 
Overall 90% of the total reduction in right ventricular long axis velocities occurred 
within first few minutes immediately following pericardial incision. Data collected 
from the intraoperative subgroup showed there was no significant difference in 
myocardial velocities from the onset of the operation up to the beginning of 
pericardial incision, (change in RV PW TD S’ 3±2%, p=ns) (Figures 3-2 and 3 -3).  
Within the first three minutes of opening the pericardium the RV PW TD S’ velocities 
had reduced by 44±17% (p<0.0001). Five minutes after pericardial incision the RV 
PW TD S’ velocities had more than halved by 54±11% (p<0.0001). This reduction in 
RV systolic myocardial velocities persisted throughout the coronary bypass 
procedures in all 9 subjects, and at the time where the skin on the chest was sutured 
PW TD S’ velocities were 61±11% (p<0.0001) below the preoperative value. 
Of the nine patients observed, two were placed on cardiopulmonary bypass and five 
required right coronary artery saphenous vein grafting. Following pericardial opening 
no differences were seen in the onset or rate at which right ventricular long axis 
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velocities declined regardless of whether surgery was conducted on or off pump 
(p=ns), and regardless of whether right coronary vein grafting was carried out (p=ns). 
3.4.2  Pre and post operative transthoracic findings: Impact of 
surgery on the RV  
 
The overall group of 33 patients, showed the same pattern of decline in right 
ventricular velocities that was seen in the intensively monitored intraoperative cohort, 
with long axis S’ velocities falling from 13.7±2.6cm/s to 6.0±1.4 cm/s (by 55±12%, 
p<0.0001). E’ velocities fell from 9.5±2.4 cm/s to 5.2±1.9cm/s, (by 45%, p<0.0001) 
and TAPSE estimates fell from 2.6±0.1cm/s to 1.1±0.2cm/s (by 58%, p<0.0001).   
Right atrial area increased by from 15.9±3.7cm² to 18.8±5.1cm² (by 15%, p<0.01) 
(Figures 3 -5 and 3-6). However, there was no significant change in right ventricular 
ejection fraction, fractional shortening, end-diastolic area, or pulmonary pressures and 
TR dP/dt estimates (p=ns).  
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Table 1: Data obtained using transthoracic echocardiography on 33 patients before and after cardiac bypass surgery 
Characteristics PRE OP TTE PRE OP TTE р  Value
LV EF (%) 60±12.6 53.9±15.2 0.09
LV FS (%) 27±7.5 23.6±8.2 0.08
Trans Mitral E/A Ratio 0.94±0.6 1.02±0.4 0.53
TDI E/E' Ratio 11.9±4.5 14.9±7.5 0.03
Septal PW TD E' (cm/s) 6.2±1.9 5.3±1.4 0.02
Septal PW TD S' (cm/s) 6.0±1.4 5.2±1.4 0.02
Lateral S' (cm/s) 5.5±1.4 6.1±2.4 0.1
SAPSE (cm) 1.2±0.3 0.9±0.3 0.0002
Left Atrial Area (cm²) 21.2±4.2 22.2±5.3 0.31
RV EF (%) 51±14.7 53±17.4 0.63
RV FS (%) 25.8±6.1 23±7.8 0.25
RV End Diastolic Vol (ml) 55±15 63±26 0.06
RV Area (cm²) 17.9±3.5 18.8±4.2 0.25
TAPSE (cm) 2.6±0.1 1.1±0.2 0.0001
RV Tei Index PW TDI 0.47±0.08 0.59±0.09 0.0001
RV PW TD S' (cm/s) 13.7±2.6 6.0±1.4 0.0001
RV PW TD E'(cm/s) 9.5±2.4 5.2±1.9 0.0001
Est PAP (mmHg) 22.4±7.1 20.5±6.1 0.330
TR dP/dt (mmHg/sec) 412±113 377±135 0.09
Right Atrial Area (cm²) 15.9±3.7 18.8±5.1 0.01
RV Circum:Length ratio 3.1±0.2 3.2±0.2 0.13
CO (l/min) 4.8±1.5 5.1±1.0 0.39
 
 
 
 
 
 
 
 
 
Table 3-1 Characteristics of 33 patients who underwent routine cardiac 
bypass surgery 
 
Characteristics of 33 patients who underwent routine cardiac bypass surgery. These 
measurements were made by transthoracic echocardiography 1 week before and 1 month 
after surgery. Results are expressed as value ± standard deviation. Bold values are 
statistically significant.   
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Table 2: Transthoracic echocardiographic data on the  9 patients in the intensive subgroup versus the other 24 patients in the study 
Characteristics Subgroup studied  Subgroup not studied  р  Value
intraoperatively (n=9) intraoperatively (n=24) (Grouped 24 vs 9)
Age 66 ±12 68 ±8
Sex 4 Men / 5 women 19 Men / 5 women
Surgery Off Pump 6 15
Surgery On Pump 3 9
LV FS (%) 26±7 28±7 0.52
LV EF (%) 57±12 63±11 0.02
RV FS (%) 27±6.3 30±6.1 0.27
RV EF (%) 48±17 51±14 0.22
TAPSE (cm) 2.5±0.4 2.6±0.5 0.51
RV PW TD S' (cm/s) 12.5±2.7 14±3.3 0.21
RV PW TD E'(cm/s) 9.4±2.2 9.6±2.5 0.71
Est PAP (mmHg) 21±1.8 22±7.4 0.66
 
 
 
 
 
 
 
 
 
 
Table 3-2 Characteristics of 9 the intensively monitored patients 
compared with 24 other patients in the study cohort.  
 
Results are expressed as value ± standard deviation.   
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Figure 3-2   S’ velocity of the RV free wall during a routine on-pump CABG 
Intra-operative S’ velocity of the RV free wall during a routine on-pump CABG to left anterior descending and circumflex arteries. The 
preoperative TTE PW TD estimates are replicated at the time of general anaesthesia and remain unchanged following skin incision and sternal 
opening. Immediately following pericardial incision there is an immediate 60% reduction in RV TD S’ velocities. This reduction in RV systolic 
function remains until the point of bypass cannulae insertion when measurements had to be suspended temporarily. After myocardial 
reperfusion, re-warming and then weaning from cardiopulmonary bypass data collection is resumed. RV TD S’ velocities remain depressed at 
the same level and do not improve during the rest of the operation. The last measurement from the operation, at the time of skin closure, show 
the same depressed velocities. 1month later when the patient undergoes follow up measurements as an output, the velocity remains depressed to 
the same level.  
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Figure 3-3  Intra-operative S’ velocity of the RV free wall during a routine off-pump CABG.  
The preoperative TTE PW TD estimates are replicated at the time of general anaesthesia and remain unchanged following skin incision and 
sternal opening. Immediately following pericardial incision there is an immediate 70% reduction in RV TD S’ velocities. RV TD S’ velocities 
remain depressed at the same level and do not improve during the rest of the operation. The last measurement from the operation, at the time of 
skin closure, show the same depressed velocities. 1month later, when the patient undergoes follow up measurements as an output, the velocity 
remains depressed to the same level. 
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Figure 3-4 Zoomed in view of all 9 patients from intensely monitored cohort 
The time course of RV velocities of all 9 patients in the intensively monitored cohort, zooming in to show the prelude to, and the first 40 
minutes after, pericardial opening for each case. The grey dashed line indicates the time when the pericardium was incised. All 9 patients 
demonstrate an immediate decline in RV S’ myocardial velocities. This reduction occurs mostly within the first three minutes following 
pericardial incision, and persists throughout the operation.  
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3.4.3 Reproducibility 
 
3.4.3.1 Transthoracic reproducibility 
The reproducibility data was expressed as a coefficient of variation between two 
independent experienced operators (one of whom conducted all the measurements of 
the study). Inter-variability results were as follows: 9.8% for right ventricular long 
axis S’, 12.4% for right ventricular long axis E’, 16.7% for left ventricular long axis 
S’, 13.5% for left ventricular long axis E’, 10.9% for TAPSE, 11.9% for SASPE, 
12.2% for right ventricular EF, 12.1% for left ventricular EF, 15.7% for right 
ventricular end-diastolic volume. Intra-variability results were as follows: 7.2% for 
right ventricular long axis S’, 9.1% for right ventricular long axis E’, 12.1% for left 
ventricular long axis S’, 11.2% for left ventricular long axis E’, 7.2% for TAPSE, 
10.8% for SASPE, 10.7% for right ventricular EF, 11.5% for left ventricular EF, 
13.4% for right ventricular end-diastolic volume. This was conducted on 30 patients. 
The inter-variability tests results are shown in the Bland-Altman plots (Figure 3-8 to 
3-16 located at the end of this chapter). A table of all echocardiography 
reproducibility results can be found in Appendix I (Table 8 – 1 and 8-2)   
 
 
3.4.3.2 Intraoperative Transoesophageal reproducibility 
The reproducibility data was expressed as a coefficient of variation between two 
independent experienced operators (one of whom conducted all the measurements of 
the study). Transoesophageal echo data reproducibility was calculated by assessing 20 
independent beats from each type of surgery at three time-points; at the start of the 
operation, following pericardial incision and at the end of the case.  In the CABG 
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group inter-variability testing was as follows: the right ventricular S’ at the start of the 
case was 5.6%, following pericardial incision was 14.3% and at the end of the case 
was 14.2%.  For inter-variability were as follows: the right ventricular S’ at the start 
of the case was 5.1%, following pericardial incision was 12.1% and at the end of the 
case was 12.5%. The intraoperative results are shown in a Bland-Altman plot (Figure 
4-17 located at the end of this chapter). A table of all echocardiography 
reproducibility results can be found in Appendix I (Table 8–3).  All values are shown 
as coefficient of variation (standard deviation ÷ mean) and mean. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
108 
 
 
 
 
 
0
4
8
12
16
Pre S' Post S' Pre E' Post E' Pre A' Post A're re re ostostPost
S’ E’ A’
p< 0.0001 p< 0.0001 p< 0.0001
RV PW TD 
Velocity 
(cm/s)
 
 
 
 
 
 
 
 
Figure 3-5 Results of annular velocities measurements before and after CABG 
surgery 
 
 
Reduction in Right ventricular PW I S’(black), E’ (light grey) and A’ (dark grey) in 33 patients 
undergoing routine coronary artery bypass surgery 
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Figure 3-6  Results of annular excursion before and after CABG 
surgery 
 
 
Changes in right ventricular tricuspid annular plane systolic excursion 
(TAPSE) distance in 33 patients before and after routine coronary artery 
bypass surgery. 
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3.4.4 Impact of RCA grafting 
 
Of the 33 operations, 19 involved saphenous vein grafting of either the main, posterior 
marginal or acute marginal segments of the right coronary artery. Of these patients 
requiring vein grafts to the right coronary artery, the RV PW TD S’ velocities fell by 
60% from 13.6±2.8 cm/s one week before surgery, to 5.5±1.2 cm/s one month after. 
Of the patients who did not require right coronary grafts, the RV PW TD S’ velocities 
also reduced significantly by 48% from 13.1±2.6cm/s one week pre operatively, to 
6.77±1.4 cm/s one month post. In the 19 patients who received grafting to the right 
coronary artery, there was the additional 11% reduction in post-operative RV PW TD 
S’ velocities was significantly greater (p<0.05) than seen in the other 14 patients. 
(Figure 3-7)   
 
3.4.5 On pump vs Off pump 
 
There was no difference between the 15 patients who were placed on 
cardiopulmonary bypass and the 18 whose surgery was conducted off pump. Of those 
patients placed onto bypass the RV PW TD S’ velocities fell by 56% from 
14.0±2.3cm/s one week before surgery, to 6.0±1.6cm/s one month post. Similarly, of 
the patients who underwent ‘beating heart’ off pump surgery the RV PW TD S’ 
velocities fell by 56% from 13.7±3 cm/s one week before surgery, to 6.0±1.6cm/s one 
month post. There were no significant differences were seen between those who had 
undergone surgery involving cardiopulmonary bypass and those who had not (p= ns).  
(Figure 3-7) 
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Figure 3-7 Postoperative impact of cardiopulmonary bypass and 
right coronary grafting 
 
 
Effect of surgery on RV PW TD velocities, separating patients according to 
whether the operation was on or off pump, and whether they received and right 
coronary artery graft. All four groups had similar declines in RV velocity. 
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3.5 Discussion 
 
3.5.1 Intraoperative transoesophageal echocardiography 
pinpoints the moment that right ventricular velocities begin 
to fall 
 
The role of transoesophageal pulsed wave tissue Doppler in an intraoperative setting 
has been well validated and identified (Hammarstrom et al, 1991; Meluzin et al, 2001; 
Dokainish et al,2007; and Diller et al, 2008). The unique contribution of this study is 
the large number of measurements made sequentially while carefully documenting the 
context of the progress of the operation. Measurements were frequent and 
encompassed the time at which the RV velocities declined. This systemic data 
collection allowed us to observe in all 9 intraoperative patients, the moment at which 
right ventricular PW TD velocities begin to decline. We found the fall in RV long axis 
velocities occurs almost immediately after the opening of the pericardium. We have 
also confirmed that this reduction is not short-lived and can be easily visualised weeks 
after surgery.   
 
3.5.2  Cardioplegia delivery is too late to prevent RV velocity decline 
   
Many mechanisms have been proposed for the precise cause of post-operative right 
ventricular long axis dysfunction. Cardioplegia is an obvious suspect, and has been the 
focus of many previous studies trying to identify the cardioplegia fluid (Mullen et al, 
1987), temperature and delivery method (Christakis et al, 1985; Christakis et al, 1996; 
Allen et al, 1995; Kaukoranta et al, 1998; and Kamalot et al, 1997) that minimised a 
decline in RV function.   
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In our present study we examined both off-pump procedures (i.e. no cardioplegia) and on-
pump procedures (anterograde crystalloid cardioplegia). We found that the off-pump 
surgery affected RV systolic velocities just as much as on-pump surgery. Most tellingly, 
our study shows that this RV velocity decline occurs in the on-pump patients long before 
the bypass cannulae are inserted.  
We conclude that there is no possibility for cardioplegia to be the cause. With this in 
mind, it would appear that the choice of cardioplegia solution, its temperature, method 
of delivery (antegrade versus retrograde), or even the decision to place the patient 
onto bypass (on-pump vs. off-pump) is not likely to be able to help preserve RV 
velocities. 
 
3.5.3  Right coronary artery disease is not a major factor 
 
An alternative, long-held, hypothesis for RV impairment after coronary artery bypass 
surgery has been right coronary artery stenosis not considered severe enough to 
receive a graft. It has been proposed that this could cause insufficient delivery of 
cardioplegia (Shirmer et al, 1995) and therefore inadequate myocardial hypothermia 
to the RV which –lying anteriorly- would also be heavily exposed to a localised 
increase in atmospheric temperatures could all impact post-operative right ventricular 
function (Boldt et al, 1990). In our study, there was no significant difference seen 
between those who had right coronary grafting and those who did not. In our study, 
patients receiving RCA grafts had one-quarter more (not less) decline in RV 
velocities, which means that ungrafted disease is not a plausible candidate. Moreover, 
even if a reverse argument is made, the contribution is small, at about one-quarter of 
the overall fall seen in RV velocities.  
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The fall in right ventricular velocities occurs so early in the surgery, at the moment of 
pericardial opening, and with such consistency, that many of the commonly proposed 
mechanisms can immediately be cleared of suspicion.  
Similarly, additional interventions which preceded pericardial incision such as sternal 
cutting and opening cannot be blamed for this decline in PW TD velocities. In our study 
the sternum was often cut and left spread open, while leg veins were then harvested. 
During this time, often 20 minutes or longer, the pericardium remained intact. Our results 
showed that during this vein harvesting period when the sternum had been fully opened 
but the pericardium remained intact, RV myocardial PW TD velocities remained 
unchanged. It was only after pericardial incision that the rapid reduction in annular 
excursional velocities occurred (Figure 3-2 and 3-3)                          
 
3.5.4 Other mechanisms may also be cleared of suspicion 
 
It has been suggested that pericardial adhesions may cause RV dysfunction by restricting 
cardiac motion (Wranne et al, 1991 and Lindstrom et al ,2000). Although these are known 
to cause cardiac constriction in some patients who have undergone cardiac surgery 
(Agatston et al, 1984) they cannot explain the immediate effects of pericardial incision. 
Cogently, a small animal trial examined biodegradable pericardial patches but found no 
significant protection of RV function (Lindstrom et al, 2000). That study together with 
ours leaves little room to believe that pericardial adhesions area a major contributor to the 
reduction in RV PW TD velocities.  
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3.5.5 The advantage of PW TD in identifying precise time points 
 
Pulsed Wave TD assessment of right ventricular annular velocities sampled during cardiac 
surgery showed a rapid reduction at the time of pericardial incision, confirming an 
immediate loss of at least 50% of systolic velocity following the loss of external 
pericardial support to the RV free wall. RV systolic velocities remained depressed 
throughout the entire surgical procedure in all patients regardless of whether surgery was 
conducted on or off-pump, or whether the right coronary artery was grafted or not.  
Historically, RV function has been difficult to quantify. Invasive measurements have been 
usually made using either Swann-Ganz thermodilution catheters or visualisation of right 
heart contraction by catheterisation and injection of contrast. These methods are not 
practical to carry out on a fine-grained temporal basis intraoperatively or in longer term 
follow up. Radionuclide ventriculography (Wilson et al, 1996 and Kaul et al, 1984) and 
magnetic resonance imaging (MRI) (Heiling et al, 1995; Haber et al, 2000; and Haber et 
al, 2005) are useful in the assessment of RV function, but they cannot realistically be used 
intraoperatively. Conventional 2D echocardiography is of limited use in assessing RV 
function because of difficulty in defining endocardial surfaces and because of the shape of 
the right ventricle. Tissue Doppler echocardiography has improved the echocardiographic 
assessment of RV function using lower gain settings to eliminate the low amplitude 
signals, and omits the high pass filter in order to detect the low velocity signals from tissue 
movements. It therefore allows accurate detection of systolic and diastolic motion of 
specific areas of both the left and right ventricular walls (Nagueh et al, 1997; Sohn et al, 
1997; Galiuto et al, 1998; Bruch et al, 1999; Garcia-Fernandez et al, 1999; Alam et al, 
2000; Meluzin et al, 2001; Galderisi et al, 2002; Alam et al, 2003; Galderisi et al, 2005). 
Decreased velocities are reported to correlate with impaired 2-dimensional ventricular 
function in heart failure of ischaemic and non-ischaemic aetiology and agrees well with 
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radionuclide measures (Bruch et al, 1999; Garcia-Fernandez et al, 1999; Meluzin et al, 
2001; and Bleeker et al, 2006), and is a technique which has been validated to be an 
accurate and reproducible method of non-invasively measuring RV function (Bleeker et al, 
2006). Because RV function is dominated by motion in the long axis, tissue Doppler 
imaging is a good mode of assessment.  
It is likely that there are a number of factors which render the RV vulnerable during 
routine cardiac surgery. The RV wall is much thinner than that of the left. Since for a 
given transmural pressure, wall stress is proportional to radius of curvature and 
inversely proportional to wall thickness, both effects conspire to increase wall stress. 
During cardiac surgery, loss of the pericardial support and the resultant increased 
transmural pressure and consequently increased wall stress, which could injure the 
myocardium or make it susceptible to a change in behaviours when the pericardial 
constraint is lost. This is especially important in high operative risk patients because 
the development of RV dysfunction following isolated CABG in patients with LVEF 
< 40% is reported to be associated with higher morbidity and mortality (Boldt et al, 
1992 and Claude et al, 2006). 
Finally, myocardial velocities are not synonymous with myocardial function and 
therefore a reduction in these velocities may not represent a decline RV function. In 
particular, it is quite possible that the while peak PW TD velocities are sensitive for 
assessing RV dysfunction as has been reported, they may not be specific for it, with 
many other factors perhaps affecting velocities also. Nevertheless, these velocities are 
frequently measured and their decline at the time of cardiac surgery is often remarked 
upon and its mechanism sought after. We believe that this study, by isolating the 
velocity reduction in time, helps prune the range of possible mechanisms which in 
turn may help others working to understand its meaning for the patient. 
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3.5.6 Study limitations 
 
This study focussed on PW TD assessment of RV long axis annular velocities. Right 
ventricle geometry is considered complex, and it might be argued that this is far from 
comprehensive. However, longitudinal excursion plays the dominant role in RV 
function (Hammarstrom et al 1991), and can be monitored intraoperatively with 
exquisite temporal resolution. It is therefore a good choice of variable to monitor both 
intra operative and pre/post longitudinal function (Alam et al, 1992 and Bleeker et al, 
2006), providing good sensitivity and reliability.  
We carried out post operative transthoracic echocardiograms 1 month following 
surgery, unlike previous studies where transthoracic echocardiograms have been 
conducted 18 months following surgery (Diller et al, 2008). It is well known that 
there is a persistent and significant reduction in RV long axis velocities following 
cardiac surgery (Alam et al, 2000; Alam et al, 2003; Claude et al, 2006; and Diller et 
al, 2008). The aim of our study was to identify the precise time point at which right 
ventricular long axis PW TD velocities began to decline during surgery itself, a 
question which until now had been unanswered. The decision to select a 1 month 
follow-up transthoracic echo does not weaken the findings of this study, because the 
trajectory if RV function from 1 month onwards has been well documented. What has 
been missing until now is the novel information about exactly when during the 
surgery RV velocities decline: our study shows that in all nine out of nine intra-
operative monitored patients, the decline occurred at the same time, namely the 
incision of the pericardium (Figure 3-4). 
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3.6 Conclusion  
   
This study shows that the reduction in RV long axis myocardial velocities occurs at the 
time of pericardial opening during coronary artery bypass surgery. Other factors such as 
cardiopulmonary bypass, inadequate myocardial protection or even the act of sternal 
closure itself are not plausible mechanisms in our patient cohort for the immediate fall in 
RV velocities at the time of pericardial incision, because these factors occur long after this 
velocity reduction is fully established. However, it remains possible that they and other 
factors may contribute additionally to the reduction in RV velocities, and in other cohorts 
of patients the relative contribution of pericardial incision to the overall fall could be 
different.    
Beat-by-beat intra-operative TOE assessment of RV function reveals that the 
instantaneous reduction in PW TD myocardial annular velocities coincides with 
opening of the pericardial sac. The reason for this long-lasting selective impairment of 
RV function remains unclear, but the intense and consistent temporal association with 
pericardial opening (which removes external support to the RV from the pericardium) 
may be a clue and suggests that the pericardium contributes much more to the 
preservation of peak RV annular PW TD velocities than previously supposed. 
Virtually all of the RV long axis reduction seen during coronary surgery occurs at the 
time of pericardial incision.  
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Figure 3-8 Bland-Altman plot for right ventricular S’ in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 9.8% (mean 9.27cm/s). This was conducted on 30 patients.  
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Figure 3-9 Bland-Altman plot for right ventricular E’ in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 12.4% (mean 6.8cm/s). This was conducted on 30 patients.  
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Figure 3-10 Bland-Altman plot for left ventricular S’ in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 16.7% (mean.5.6cm/s). This was conducted on 30 patients.  
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Figure 3-11 Bland-Altman plot for left ventricular E’ in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 13.6% (mean 5.36cm/s). This was conducted on 30 patients.  
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Figure 3-12 Bland-Altman plot for TAPSE in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 10.9% (mean 1.87cm). This was conducted on 30 patients.  
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Figure 3-13 Bland-Altman plot for SAPSE in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 11.9% (mean 1.1cm). This was conducted on 30 patients.  
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Figure 3-14 Bland-Altman plot for right ventricular volume in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 15.7% (mean 59.8ml). This was conducted on 30 patients.  
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Figure 3-15 Bland-Altman plot for right ventricular ejection fraction in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 12.2% (mean 59.3%). This was conducted on 30 patients.  
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Figure 3-16 Bland-Altman plot for left ventricular ejection fraction in patients who had CABG surgery 
 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study) was 12.1% (mean 52.8%). This was conducted on 30 patients.  
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Figure 3-17 Bland-Altman plot for intraoperative transoesophageal right ventricular S’ 
velocities in CABG surgery 
The reproducibility data was expressed as a coefficient of variation between two independent experienced 
operators (one of whom conducted all the measurements of the study).  In the CABG group the right 
ventricular S’ at the start of the case was 5.6%, following pericardial incision was 14.3% and at the end of the 
case was 14.2%. 
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4.0  Cardiac surgery related decline in right 
ventricular long axis velocities critically dependent 
on full pericardial opening.  
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4.1 Abstract 
We tested whether the phenomenon of right ventricular (RV) long axis velocity decline 
depends on the chest being opened fully by mid-line sternotomy, pericardial incision, or on 
the presence of coronary artery disease. Patients undergoing coronary artery bypass 
grafting (CABG) experience a reduction in right ventricular long axis velocities post 
surgery. By intraoperative transoesophageal echocardiography (TOE) we recorded serial 
right ventricular (RV) systolic pulse-wave tissue Doppler velocities during 6 types of 
elective procedure: 53 CABG surgery, 15 robotic-assisted minimally-invasive CABG 
(RCABG), 28 aortic valve replacement (AVR), 8 minimally-invasive aortic valve 
replacement (mini-AVR), 5 mediastinal mass excision, and 1 left atrial myxoma excision. 
Pre and post operative transthoracic echocardiography (TTE) was also conducted. 
Surgery without substantial opening of the pericardium did not significantly reduce RV 
systolic velocities (RCABG 13±1.8 versus 12.4±2.7 cm/s post; mini-AVR 11.9±2.3 versus 
11.1±2.3 cm/s; mediastinal mass excision 13.9±3.1 versus 13.8±4 cm/s). In contrast, 
within 5 minutes of pericardial incision those whose surgery involved fully opening the 
pericardium had a large reduction in RV velocities: 54.3±10.6% decline with CABG 
(11.3±1.9 to 5.1±1.6cm/s, p<0.0001), 53.9±5% with AVR (12.6±1.4 to 5.7±0.6 cm/s, 
p<0.001) and 48.7% with left atrial myxoma excision (11.3 to 15.8cm/s). This persisted 
from immediately after pericardial opening to the end of surgery (61.3±11%, p<0.0001; 
58.3±7.3%, p<0.0001; 59.3% respectively). 
It is full opening of the pericardium, and not coronary artery disease or valve surgery itself, 
which causes RV long axis decline following cardiac surgery. The impact is immediate 
(within 5 minutes) and persistent.    
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4.2 Introduction 
In Chapter three, we showed that the onset of right ventricular long axis decline in 
patients undergoing CABG surgery occurred immediately after the pericardium was 
opened. This occurred in all patients irrespective of whether they were later placed on 
cardiopulmonary bypass or whether they had significant right coronary artery disease 
that warranted surgical revascularisation. As shown in the results from the previous 
study, right ventricular (RV) long axis velocities reduce significantly following 
coronary artery bypass surgery (Brookes et al, 1998; Alam et al, 2003; and Michaux 
et al, 2006). 
In this chapter we studied patients undergoing different surgical procedures, and in a 
subset used intraoperative measurements, to narrow down the range of mechanistic 
possibilities that could influence the reduction in right ventricular long axis velocities.  
Prospectively we studied not only patients undergoing coronary artery bypass grafting 
(CABG) via traditional full sternotomy (as discussed in Chapter 3), but also patients 
undergoing minimally invasive robotic assisted coronary artery bypass grafting 
(RCABG) via a left sided mediastinoscopy, patients undergoing isolated aortic valve 
replacement (AVR) via fully sternotomy; patients having minimally-invasive 
Cosgrove AVR surgery (mini-AVR) via partial sternotomy; and patients who 
underwent mediastinal mass excision via left sided mediastinal sternotomy (Figure 4-
1 and 4-2). 
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Figure 4-1   Illustration of the sternal access used in three different types of operations 
 
Cartoon a) Illustrates the access required during traditional thoracotomy used during CABG surgery where the sternum and pericardium are 
opened fully. 
 
Cartoon b) Illustrates the access required during minimally invasive three port robotic telemanipulation surgery (RCABG). 
 
Cartoon c) Illustrates the access required during minimally invasive aortic valve surgery (mini-AVR) using the Cosgrove technique which uses a 
partial superior sternotomy.  
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We measured RV long axis velocities using pulsed wave tissue Doppler 
(Hammarstrom et al, 1991 and Meluzin et al, 2001) utilising both transthoracic (TTE) 
(Alam et al, 1992; Alam et al, 2003; and Diller et al, 2008) and transoesophageal 
(TOE) (Derumeaux et al, 1998 and Claude et al, 2006) approaches before, during and 
after cardiac surgery. Additional conventional TTE was conducted on all patients 
before and after surgery. By this approach I aimed to first ascertain whether the nature 
of the surgery would affect the impact on RV velocities. Second, whether the presence 
of underlying myocardial ischaemia influenced the degree of RV long axis decline. In 
order to precisely determine the time-point at which RV velocity decline occurs I 
carefully documented the timing of the different stages of the operation using 
continuous TOE monitoring.   
 
4.3 Methods 
4.3.1 Subjects 
We prospectively recruited 110 patients (65 men, mean 69±12 years) undergoing an 
elective first procedure: CABG (53 patients, 39 men, mean 68±12 years), AVR (28 
patients, 16 men, mean 74±10 years), RCABG (15 male patients, mean 65±12 years), 
mini-AVR (8 patients, 5 men, mean 65±22 years), left atrial myxoma removal (1 male 
patient, 70 years), and mediastinal mass excision (5 patients, 4 men, mean 63±22 
years) surgery between January and September 2009. Exclusion criteria were 
concomitant valve or coronary artery surgery or atrial fibrillation. We carried out 
transthoracic echocardiograms one week before and one month after surgery.  
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Figure 4-2 Illustration of Robotic surgery 
 
Cartoon illustrates the access requirements and the technical capabilities of the 
Robotic access coronary bypass surgery. 
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34 patients also agreed to undergo continuous intraoperative monitoring by TOE. 
These patients underwent recordings of RV tissue Doppler myocardial velocities at 
frequent intervals from the onset of general anaesthesia to the time of skin suturing. 
The timing of each stage of surgery was documented for each patient, so that RV 
velocity data could be mapped to each surgical step.  
 
4.3.2 Measurements 
4.3.2.1 Pre and post-operative transthoracic echocardiography 
Each patient was scanned using conventional 2D, pulsed wave and tissue Doppler 
imaging techniques one week before and one month after surgery. Patients were 
placed in the left lateral decubitus position, where using an IE33 Philips Medical 
System (Andover, Massachusetts, USA) both parasternal and apical imaging windows 
were imaged using a S5-1, 3.5 MHz transducer at a mean depth of 16cm. Ventricular 
fractional shortening (FS) and left atrial dimensions were calculated from the 
parasternal imaging windows, while ventricular volume estimates, atrial area 
estimates, annular M-mode excursion, tissue Doppler imaging and pulsed wave 
Doppler velocities were calculated from the apical window. 
Left ventricular (LV) ejection fraction (EF) was assessed from the major axis using 
the Simpson’s method. RV dimensions were taken in both minor and major axis 
positions. Dimension measurements were made in both parasternal long axis and short 
axis views. These measures were repeated in the lateral-medial plane, perpendicular to 
the major axis from a point one third the length of this axis from the tricuspid valve 
annulus. RV major axis cavity length, area, and volume measurements were taken and 
ejection fraction estimates calculated.   
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Tissue Doppler myocardial velocities and M-Mode annular plane systolic excursion 
estimates were measured by placing the pulsed wave and M-Mode sample volume at 
the level of the basal RV free wall (TAPSE) and basal septum (SAPSE), where the 
mean values of four consecutive beats were recorded. The pulsed wave sample 
volume length for each patient was set between 2 and 5 mm to minimise spectral 
broadening. Recordings were acquired and used to estimate both RV and LV 
excursion distances (cm) and myocardial velocities (cm/s). 
Ventricular filling was assessed using both transmitral and transtricuspid Doppler 
sampled from the apical window. The Doppler sample volume was placed at the level 
of the mitral and tricuspid leaflet tips using the guidance of spectral colour Doppler.  
All Doppler recordings were acquired during normal respiration, and were utilised to 
calculate the following variables: (a) peak transmitral early diastolic inflow E and A 
wave velocities; (b) peak tissue Doppler diastolic E’, A’ and systolic S’ velocities; (c) 
E:A and E:E’ peak left ventricular compliance ratios; (d) stroke volume (cc); (e) 
cardiac output (L/min2); (f) tricuspid regurgitation estimates of pulmonary artery 
pressures (Est PAP mmHg); and (g) tricuspid regurgitation dP/dt values.  
 
4.3.2.2 Intra-operative transoesophageal echocardiography 
Intra-operative TOE examinations were carried out in all 34 patients using a 
multiplane 5-MHz transoesophageal transducer and Vivid I system (GE Healthcare, 
Waukesha, WI). The probe was placed at a mean depth of 30 cm with a mean angle of 
22 degrees where a view of the RV was obtained.  
Tissue Doppler myocardial velocities estimates were measured by placing the pulse 
wave sample volume 1 cm from the level of the tricuspid annulus during ventricular 
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systole where the mean values of four consecutive beats of were recorded. The tissue 
Doppler sample volume length for each patient was set between 2 and 5 mm to 
minimise spectral broadening. Recording commenced once a working view was 
located which permitted the operator to replicate the tricuspid annular velocities 
obtained during the pre-operative TTE.   
RV annular velocities were recorded frequently, initially from the onset of general 
anaesthesia up until the end of the operation when the skin was sutured. The mean 
value of 4 consecutive beats was used for each time point. Recordings were acquired 
during standard ventilated respiration. 
In patients undergoing mediastinoscopy mass excision or off pump ‘beating heart’ 
coronary arterial bypass grafting, either by traditional full thoracotomy or minimally 
invasive robotic assisted access, velocity recordings were made continuously during 
the procedure up until the point of skin suturing. In patients undergoing coronary 
artery bypass grafting, left atrial myxoma removal or aortic valve replacement 
surgery, by either a traditional full or minimal thoracotomy approach, where the heart 
needed to be stopped using anterograde crystalloid cardioplegia and the patients 
placed on a heart and lung bypass machine, recordings were taken up until bypass 
cannulae insertion. Recording resumed after full weaning from cardiopulmonary 
bypass and after protamine administration.  
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4.3.3 Reproducibility  
4.3.3.1 Transthoracic reproducibility 
The reproducibility resting was expressed as a coefficient of variation between two 
independent experienced operators (one of whom conducted all the measurements of 
the study). Inter-variability was conducted in; 15 Robotic CABG patients (which were 
10.5% for right ventricular long axis S’, 12.9% for right ventricular long axis E’, 
17.3% for left ventricular long axis S’, 11.7% for left ventricular long axis E’, 9.4% 
for TAPSE, 10.3% for SASPE, 13.1% for right ventricular EF, 9.5% for left 
ventricular EF, 20.7% for right ventricular end-diastolic volume), 20 traditional access 
AVR patients (which were 13.2% for right ventricular long axis S’, 10.0% for right 
ventricular long axis E’, 16.3% for left ventricular long axis S’, 12.9% for left 
ventricular long axis E’, 8.9% for TAPSE, 11.3% for SASPE, 24.6% for right 
ventricular EF, 18.9% for left ventricular EF, 12.7% for right ventricular end-diastolic 
volume), and 8 Mini-AVR patients (which were 9.6% for right ventricular long axis 
S’, 11.7% for right ventricular long axis E’, 17.7% for left ventricular long axis S’, 
18.9% for left ventricular long axis E’, 12.8% for TAPSE, 18.9% for SASPE, 21.7% 
for right ventricular EF, 16.5% for left ventricular EF, 14.2% for right ventricular end-
diastolic volume). 
Intra-variability was conducted in; 15 Robotic CABG patients (which were 9.6% for 
right ventricular long axis S’, 11.8% for right ventricular long axis E’, 15.2% for left 
ventricular long axis S’, 9.6% for left ventricular long axis E’, 9.1% for TAPSE, 8.1% 
for SASPE, 12.5% for right ventricular EF, 9.1% for left ventricular EF, 16.9% for 
right ventricular end-diastolic volume), 20 traditional access AVR patients (which 
were 12.4% for right ventricular long axis S’, 9.1% for right ventricular long axis E’, 
12.4% for left ventricular long axis S’, 11.3% for left ventricular long axis E’, 8.4% 
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for TAPSE, 10.5% for SASPE, 22.2% for right ventricular EF, 14.3% for left 
ventricular EF, 12.4% for right ventricular end-diastolic volume), and 8 Mini-AVR 
patients (which were 9.2% for right ventricular long axis S’, 11.1% for right 
ventricular long axis E’, 16.7% for left ventricular long axis S’, 16.8% for left 
ventricular long axis E’, 12.1% for TAPSE, 15.9% for SASPE, 20.7% for right 
ventricular EF, 13.9% for left ventricular EF, 12.5% for right ventricular end-diastolic 
volume). 
 
 The inter-variability tests results are shown in the Bland-Altman plots (Figure 4-8 to 
4-16 located at the end of this chapter). A table of all echocardiography 
reproducibility results can be found in Appendix I (Table 8–1)   
 
4.3.3.2 Intraoperative Transoesophageal reproducibility 
The reproducibility data was expressed as a coefficient of variation between two 
independent experienced operators (one of whom conducted all the measurements of 
the study). Transoesophageal echo data reproducibility was calculated by assessing 20 
independent beats from each type of surgery at three time-points; at the start of the 
operation, following pericardial incision and at the end of the case.  In Robotic-CABG 
group the right ventricular S’ at the start of the case was 4.9%, following pericardial 
incision was 6.4% and at the end of the case was 6.6%. In the AVR group the right 
ventricular S’ at the start of the case was 5.6%, following pericardial incision was 
10.7% and at the end of the case was 11.6%. In the mini-AVR group the right 
ventricular S’ at the start of the case was 7.8%, following pericardial incision was 
7.1% and at the end of the case was 6.4%.   The intraoperative results from all types 
of surgery are shown in the Bland-Altman plots (Figure 4-17 to 4-19 located at the 
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end of this chapter). A table of all echocardiography reproducibility results can be 
found in Appendix II (Table 8–2 and 8–3). All values are shown as coefficient of 
variation (standard deviation ÷ mean) and mean. 
   
4.3.4 Statistical analysis 
Statistical analysis was performed using Statview 5.0 (SAS Institute Inc). Continuous 
data are expressed as mean ± standard deviation (SD). Comparisons between patients 
before and after surgery were made using Student’s paired t-test. Comparisons 
between subgroups were made using unpaired t-tests. To account for the multiple 
comparisons, we regarded a p value of <0.01 to be statistically significant. 
Reproducibility of echocardiographic measurements were assessed using the method 
of Bland-Altman.   
4.4 Results 
 
The TOE measurements of all 110 subjects scanned before and following surgery are 
shown in Table 1. All subjects were confirmed by echocardiography to have good 
ventricular function with no regional wall motion abnormalities and no valve 
dysfunction of valves not being replaced, other than mild regurgitation.  
 
4.4.1 Pre and postoperative transthoracic findings 
4.4.1.1 Operation that do not preserve pericardial integrity 
 
As displayed in Table 1, in those patients undergoing cardiac surgery where the 
pericardium was fully opened following a traditional full sternotomy TTE data 
showed a clear fall in right ventricular long axis S’ velocity. For CABG it fell by 
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56.9±11.1% (13.9±2.6 to 5.8±1.3 cm/s, p<0.0001). Similarly for AVR it fell by 
57.3±10.9% (14.1±3.1 to 5.8±1.4 cm/s, p<0.0001), and left atrial myxoma removal by 
41% (11.5 to 6.8cm/s). TAPSE for CABG fell by 55.3±12.8% (2.6 ±0.5 to 1.1±0.3cm, 
p<0.0001). For AVR it fell by 48.4±11.2% (2.53±0.5 to 1.2±0.2cm, p<0.0001), and 
for left atrial myxoma removal it fell by 36.4% (2.2 to 1.4cm).  
There was also a clear decline in the diastolic long axis E’ velocity. For CABG it fell 
by 43.9±26.5% (9.6±2.4 to 5.1±2 cm/s, p<0.0002). Similarly for AVR it fell by 
43.7±23% (9.57±3 to 5.4±2.4, p<0.0001), and for left atrial myxoma excision it fell 
by 37.7% (9.1 to 5.6cm/s, Figure 4-3).  
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Degree of  Full pericardial opening Minimal pericardial opening No pericardial opening 
pericardial opening  
LA Myxoma
Type of surgery CABG AVR  Excision  Rob CABG  Mini AVR  Med Mass Excision 
 (n = 53)  (n = 28) (n = 1)  (n = 15) (n = 8)   (n = 5)
 Transthoracic PRE POST р  Value PRE POST р  Value PRE POST PRE POST р  Value PRE POST р  Value PRE POST р  Value
Echocardiography
RV EF % 58.8±12.353.3±15.3 0.05 56.5±18.453.7±13.8 0.51 56.5 65.3 57.4±13.9 55.6±12.4 0.83 59.37±11.248.7±21.9 0.53 66.9±8.5 55.6±15.7 0.36
RV FS % 26.3±7.4 23.3±8.2 0.06 25.6±10.8 23.2±8.1 0.36 24.2 29.7 25.5±8.8 24.4±7.4 0.25 26.45±6.6 21.3±11.3 0.6 31.3±5.9 24.5±9.5 0.39
TAPSE (cm) 2.6±0.5 1.1±0.3 <0.0001 2.5±0.5 1.2±0.2 <0.0001 2.2 1.4 2.64±0.49 2.2±0.3 0.02 2.45±0.41 2.2±0.1 0.07 2.7±0.7 2.7±0.3 0.82
RV PW TDI S' (cm/s) 13.9±2.6 5.8±1.3 <0.0001 14.1±3.1 5.8±1.4 <0.0001 11.5 6.8 13±1.8 12.4±2.7 0.52 11.93±2.3 11.1±0.7 0.55 13.9±3.1 13.8±3.8 0.53
RV PW TDI E'(cm/s) 9.6±2.4 5.1±2.3 0.01 9.57±3.3 5.4±2.4 0.0002 9.1 5.6 8.5±2.8 7.4±2.5 0.428 7.9±2.1 7.3±1.8 0.61 9.9±1.9 7.9±1.7 0.42
RV End Diastolic Vol (ml) 52.9±17.864.3±29.1 0.005 49.5±23.771.5±33.6 0.001 109.2 82.5 64.7±36 66.3±21 0.83 73.3±32.2 66.3±20.4 0.23 57.1±33.4 52.3±28.4 0.925
RV Area (cm²) 17.7±3.9 18.9±4.5 0.05 16.8±4.9 20.5±5.2 0.001 26.2 21.5 18.3±4.5 20.4±3.6 0.83 20.5±4.6 19.6±3.7 0.13 18.5±6.1 17.2±.4.5 0.76
Right Atrial Area (cm²) 16.3±4.3 18.2±4.6 0.002 17.5±5.2 20.5±5.8 0.048 19.7 23.4 15.3±2.5 19.14±4 0.007 17.3±5.6 22.2±9.8 0.12 18.4±1.7 15.7±3.3 0.22
Est PAP (mmHg) 25.2±8.8 22±7.1 0.08 32.6±13.2 20.8±4.6 0.04 24.2 24.7 23.4±11 22.2±9.8 0.58 29.2±7.7 21.5±7.2 0.109 22.7±1.2 25.8±1.6 0.05
TR dT/dP (mmHg/sec) 445±139 387±129 0.02 414±104 371±113 0.64 400 394 366±69 368±37 0.37 364±56 350±53 0.92 633±47 429±165 0.31
RV Circum:Length ratio 3.1±0.3 3.2±0.3 0.13 3.3±0.4 3.1±0.3 0.86 3.81 3.7 3.4±0.9 3.1±0.2 0.24 3.1±0.5 3.2±0.2 0.94 3.1±0.1 3.3±0.3 0.05
Stroke Volume (cc) 76±23 77±23 0.67 69±23 67±23 0.34 73.4 81.5 64±21 61±20 0.85 64±22 65±14 0.74 77±24 68±24 0.68
CO (L / min²) 5.1±1.6 5.2±1.5 0.83 4.9±1.8 5.3±2.3 0.41 5.3 7 4.3±1.7 4.1±1.2 0.96 4.9±2.7 4.3±0.8 0.9 4.8±0.9 4.9±1.1 0.68
LV EF % 59.3±6.3 57.4±7.4 0.62 61.4±9.3 59.1±8.1 0.62 58.4 57.1 56.4±7.9 54.9±5.2 0.05 56.3±4.2 63.2±6.3 0.8 59.3 61.2 0.32
LV FS % 25.4±15.1 23.8±7.6 0.54 26.1±10.5 23.6±8.1 0.84 10.9 10.4 28.4±4.4 24.4±6.2 0.09 22.33±7.3 26±6.9 0.7 17.8±6 23.2±6.8 0.07
Trans Mitral E/A Ratio 0.93±0.460.97±0.38 0.76 0.91±0.46 1.0±0.6 0.96 0.75 0.87 1.04±0.37 1.1±0.5.1 0.77 0.83±0.33 1.1±0.5 0.45 1.1±0.5 0.7±0.11 0.27
TDI E/E' Ratio 12.9±5.6 14.9±8.6 0.1 19.1±12.8 12.8±7.5 0.16 14.8 14.1 11.36±4.2 12.4±5.1 0.93 17.7±11.2 16.3±8.4 0.84 15.7±5.5 14.2±8.3 0.06
Septal PW TDI E' (cm/s) 5.8±1.8 5.2±1.6 0.02 4.9±1.5 4.5±1.6 0.29 4.4 4.8 7.1±2.3 6.1±1.8 0.14 4.5±1.7 5.3±1.4 0.61 5.2±1 5.5±1.1 0.11
Septal PW TDI S' (cm/s) 6.1±1.4 5.1±1.4 0.0001 5.9±1.9 4.4±1.3 0.002 5.9 6.1 6.4±1.5 5.7±1.5 0.38 5.18±1.2 4.9±0.8 0.79 5.9±2 5.8±2.4 0.59
Lateral S' (cm/s) 6.7±1.3 7.2±1.9 0.34 7.1±1.7 6.9±1.6 0.84 9.8 9.4 8.2±2.7 8.5±1.4 0.42 5.6±2 6.2±1.6 0.83 10±2.9 9.5±3.2 0.5
SAPSE (cm) 1.2±0.3 0.9±0.2 <0.0001 1.1±0.3 0.9±0.2 0.002 1.23 1.28 1.4±0.3 1.2±0.4 0.13 0.9±0.3 0.9±0.3 0.64 1.3±0.2 1.1±0.2 0.69
Left Atrial Area (cm²) 21.3±5.2 21.6±5.5 0.64 23.2±7.2 23.6±6.4 0.33 26.1 25.5 20.8±4.5 20.3±6.3 0.7 26.7±7.8 23.8±8.14 0.2 19.7±2.4 20.1±4.3 0.9
LV/RV EF = Left/Right Ventricular ejection fraction; (LV/RV) FS = Left/Right Ventricular fractional shortening; PW TD = Pulsed wave Tissue Doppler; SAPSE = Septal annular plane systolic excursion; TAPSE = Tricuspid annular plane systolic excursion; 
Est PAP = Estimated Pulmonary artery pressure;  TR = Tricuspid regurgitation; CO = Cardiac Output
 
Table 4-1 Characteristics of 110 patients who underwent routine cardiac bypass surgery 
Characteristics of 110 patients who underwent routine cardiac bypass surgery. These measurements were made by transthoracic echocardiography 1 
week before and 1 month after surgery. Results expressed as value ± standard deviation. Bolded values are statistically significant 
143 
 
 
 
 
Figure 4-3 Pre and postoperative TTE changes from all types of surgery  
Changes in RV tissue Doppler S’, E’ and tricuspid annular plane systolic excursion (TAPSE) in 
the seven surgical procedure groups (110 patients) 1 week before and 1 month after surgery. 
The top four surgical groups involved full pericardial opening. The bottom three surgical 
groups required only a small pericardial incision or mediastinal surgery where the pericardium 
was left intact. The large reduction in RV post operative velocities and excursions were only 
seen in those surgical procedures where the pericardium was fully opened. 
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4.4.1.2 Operation that preserve pericardial integrity 
In marked contrast, all 23 patients who underwent minimally invasive surgery (8 
mini-AVR, 15 RCABG) showed no significant changes in post operative RV long 
axis tissue Doppler E’, S’ velocities or TAPSE estimates (Table 1,p=NS).  
Nor did the 5 patients who underwent Mediastinal mass excision (which involved opening 
the sternum but not the pericardium) show any changes in velocities or TAPSE estimates 
(p=NS). 
   
4.4.1.3 Presence or absence of coronary surgery  
In those patients where a traditional full sternotomy approach was used there was no 
significant difference in the overall reduction in RV tissue Doppler velocities between 
those patients with significant coronary artery disease and those without (p=NS) 
Similarly, in those patients who underwent surgery using a minimally invasive 
approach there were no significant difference between those who had undergone 
coronary surgery and those that did not (p= NS).  
 
4.4.2 Intra-operative findings 
Intraoperative monitoring showed that in those patients in whom the pericardium was fully 
opened RV tissue Doppler velocities reduced immediately following pericardial incision. 
The time-point at which velocities began to decline was virtually identical in all three 
operation types. Within the first five minutes of opening the pericardium velocities had 
reduced: for CABG by 54.3±10.6% (11.3±1.9 to 5.1±1.6 cm/s, p<0.0001), for AVR by 
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53.9±5% (12.6±1.4 to 5.7±0.6 cm/s, p<0.001) and for left atrial myxoma removal by 
48.7% (11.3 to 5.8 cm/s), and remained depressed throughout the operation, with a final 
intraoperative S’ reduction for CABG of 61.3±11% (11.3±1.9 to 4.28±1 cm/s, p<0.0001), 
for AVR of 58.3±7.3% (12.6±1.4 to 5.2 ±1.1 cm/s, p<0.0001), and for left atrial myxoma 
removal 59.3 % (11.3 to 4.6 cm/s).  
In the mini-AVRs and RCABGs, where the smallest possible pericardial incision was 
made, there were no changes in right ventricular tissue Doppler velocities at the time of  
minimal pericardial opening (p= NS, Figures 4-4 and 4-5).  
Similarly, intra-operative measurements in those patients who underwent  mediastinal 
mass excision, where the sternum was opened however the pericardium was left intact, 
also showed no change in RV velocities (p=NS, Figure 4-6).  
 
4.4.3 Conversion from minimally invasive to full sternotomy 
Of the 34 patients observed using intraoperative TOE, 2 underwent mini-AVR. The 
decision to convert from a minimal to a full sternotomy occurred because greater 
access was needed which was discovered after onset of cardio pulmonary bypass. RV 
tissue Doppler velocities continued to be recorded in both patients up until the 
moment the bypass cannulae were inserted, at which point data acquisition had to be 
suspended. To that stage of the operation no reductions had been seen in the RV 
velocities of either patient. After sternal conversion and successful aortic valve 
replacement, both patients were fully weaned from cardiopulmonary bypass. 
Protamine was administered and data acquisition of RV velocities was resumed. 
Post operative findings in these two patients resembled those patients who had 
undergone surgery full sternotomy from the onset: RV long axis velocities fell, with a 
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final intraoperative S’ reduction by 59.7% (13.2±0.3 to 5.3±0.9 cm/s). One month 
post surgery RV long axis S’ velocities remained depressed having fallen by 64% 
(13.5±1.1 to 4.9±0.9 cm/s), E’ velocities by 47.4% (9.2±0.8 to 4.9±0.7 cm/s), and 
TAPSE by 53.1% (2.64±0.4 to 1.2±0.2 cm). The data of these two patients who had to 
be converted to full open surgery have not been included in any of the above sections 
as their classification may be contentious. However we show the full recordings in 
Figure 4-7.  
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Figure 4-4 Intraoperative TOE of RV tissue Doppler S’ velocities recorded 
during routine on-pump AVR and minimal invasive AVR. 
Top panel: Intraoperative TOE of RV tissue Doppler S’ velocities recorded during routine on-
pump AVR using traditional full sternotomy access. The preoperative TTE velocities are 
reproduced intraoperatively using TOE and remain unchanged after sternal opening. Following 
pericardial incision there is an immediate reduction in RV tissue Doppler S’ velocity which 
remains depressed at the time of closure. Velocities one month later remain depressed.   
Bottom panel: Intraoperative TOE of RV velocities during minimally invasive AVR. The 
velocities remain unchanged from the pre operative assessment and do not change throughout 
the entire operation, even after a small pericardium incision was made. TTE velocities one 
month later also remain unchanged from pre-operative values.  
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Figure 4-5 Intraoperative TOE of RV tissue Doppler S’ velocities recorded 
during routine on-pump CABG and Robotic CABG surgery. 
  
Top panel: Intraoperative TOE of RV tissue Doppler S’ velocities during routine off-pump 
CABG using traditional full sternotomy access.  
Bottom graph: Intraoperative TOE of RV tissue Doppler S’ velocities during minimally 
invasive RCABG using a left sided mediastinoscopy approach. 
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Figure 4-6 Intraoperative TOE of RV tissue Doppler S’ velocities recorded 
during routine mediastinal mass excision and removal of a left atrial 
myxoma. 
  
Top panel: Intraoperative TOE of RV tissue Doppler S’ velocities during surgical removal of a 
left atrial myxoma using a traditional full sternotomy approach.  
Bottom panel: Intraoperative TOE of RV tissue Doppler S’ velocities during the excision of a 
left sided mediastinal mass via thoracotomy only.  
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Figure 4-7   TOE of RV tissue Doppler S’ velocities recorded during minimal AVR surgery which was converted to full access while 
the patient was on bypass.  
 Intraoperative TOE of RV tissue Doppler S’ velocities recorded during a routine minimally invasive AVR surgery which required conversion to full sternotomy 
once after the patient was already on bypass. The preoperative TTE tissue Doppler velocities are reproduced intraoperatively using TOE and remain unchanged 
following administration of general anaesthesia, minimally-invasive sternal opening, minimally-invasive pericardial incision and even at the point of bypass 
cannulae insertion, at which point data acquisition was suspended. But once measurements of RV tissue Doppler velocities resumed following sternal conversion, 
full pericardial opening and successful aortic valve replacement velocities were found to be much lower, and did not improve. One month later, the velocities 
remain equally depressed. 
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4.5 Discussion 
Minimally invasive cardiac surgery is an alternative method of conducting routine 
coronary artery bypass surgery (Mohr et al, 2001and Dogan et al, 2002) and aortic 
valve replacement (Cosgrove et al, 1996 and Lui et al, 1999). Availability allows 
alternative clinical strategies as well at the opportunity to answer physiological 
questions. 
For example a wrist-enhanced robotic surgical system (da Vinci, Intuitive Surgical, 
Inc, Mountain view, CA) permits minimally invasive surgery to be carried out in a 
wide range of different surgical procedures. The left internal mammary artery (LIMA) 
can be harvested for left anterior descending (LAD) anastomosis using three robotic 
telemanipulation ports which are controlled remotely via a separate console. The right 
(upper) port is inserted through the third intercostal space, and through this the first 
robotic arm is inserted into the thoracic cavity. A cautery head is attached to this arm 
which is capable of cutting and providing diathermy. The left (lower) port is inserted 
at the level of the seventh intercostal space through which a forceps instrument is 
mounted and the second robotic arm is advanced. Finally, a central port is inserted at 
the level of the fifth intercostal space, just medial to the nipple. During the harvesting 
stage this port is occupied by a camera which is mounted on the remaining third 
robotic arm. Once the LIMA has been isolated and with the chest remaining closed, 
the pericardium need only be opened 4-5 cm along the path of the LAD and anteriorly 
to the phrenic nerve. 
The camera and central port are then removed where the left anterior descending 
(LAD) anastomosis is then constructed through an extension of this port site to a 
small 5-6 cm left anterior thoracotomy incision.  
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During minimally invasive Cosgrove aortic valve replacement procedures (mini-
AVR) a 7-10cm skin incision is made half way between the sternal notch and the 
angle of Louis. The sternum is partially opened from the sternal notch to the third 
intercostals space and the pericardium opened slightly, following a longitudinal 
incision, permitting sole access to the aorta and right atrium for the insertion of cardio 
pulmonary bypass cannulae. This method of access guarantees that the remaining 
section of the pericardium below the sternum, surrounding both the left and right 
ventricles and left atrium, remains fully intact (Figure 4-3). 
In addition to reductions in thoracic trauma, there have been many reported benefits 
of minimally invasive surgery including; less postoperative pain (Walther et al, 1999 
and Grossi et al, 1999), shortened hospital length of stay (Cosgrove et al, 1998;  Tam 
et al, 1998;  Cihon et al, 2000; Arom et al, 1999;  Casula et al, 2004; and Woo et al, 
2006), reduction in total blood loss (Dogan et al,2002), lower infection rate (Grossi et 
al, 1991). Indeed RCABG alone has been shown to improve major cardiovascular 
event rates compared to traditional fully opened thoracotomy CABG and, at one year 
following CT angiography, significantly lower major adverse cardiac or 
cerebrovascular events (Poston et al,2008). 
 
 In this study we have shown that patients who underwent minimally invasive cardiac 
surgery, 15 RCABG and 8 mini-AVR, showed no change in either peri- or 
postoperative RV tissue Doppler velocities.  
Both RCABG and mini-AVR require a small pericardial incision, at different 
location: this limited incision does not affect RV velocities (Figures 4-4 and 4-5).  It is 
also unlikely that the pressure exerted by pericardial fluid plays a major role in the 
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preservation of right ventricular annular systolic velocities as opening the pericardial 
space to the atmosphere appears to have no effect. 
 
4.5.1 Presence or absence of coronary artery disease requiring CABG 
has no influence on the time-point of RV velocity reduction  
 
The impact of underlying myocardial ischaemia in coronary artery disease patients 
undergoing CABG is one long-standing hypothesis to explain the reduction in post 
operative RV velocities (Hammarstrom et al, 1991; Alam et al, 2000; Alam et al, 
2003; and Claude et al, 2006). However, we have found that in the patients with 
coronary artery disease, those undergoing CABG using a full thoracotomy approach 
(n=53) showed a 56.9% decline in RV tissue Doppler S’ velocities, while in contrast 
those who underwent RCABG, where the pericardium was left almost completely 
intact, showed no significant decline in RV velocities (Figure 4-6).  
Meanwhile, patients who were without coronary artery disease and underwent either 
aortic valve replacement, left atrial myxoma or mediastinal mass excision showed 
substantial declines in RV velocities where the pericardium was fully incised (AVR 
57.3%, p<0.0001, left atrial myxoma excision 41%, p<0.0001); but did not when it 
was not fully incised, mini-AVR 4.7%, p= NS; mediastinal mass excision 0.9%, p= 
NS). 
Therefore the link would appear to lie with full pericardial opening and not with 
coronary artery disease (Figure 4-4).   
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4.5.2 Temporal isolation of decline in RV velocities  
Whether the presence of underlying ischaemia could affect or influence either the 
time-point at which RV long axis velocities begin to decline, i.e. immediately 
following full opening of the pericardium, or extent at which RV velocities falls was 
until now unknown. In chapter three, we introduced the concept of sequential intra-
operative TOE to identify that virtually all the loss in RV systolic myocardial velocity 
occurs within the first 3 minutes following pericardial incision (Unsworth et al, 2010).  
However this study focused only on patients undergoing routine coronary bypass 
surgery with full pericardial opening via a traditional mid-line thoracotomy and 
therefore could not determine whether pericardial opening or coronary artery disease 
was necessary or sufficient to cause RV long axis decline.  
The use of transoesophageal tissue Doppler and its role within a cardiothoracic 
surgery is well validated (Hammarstrom et al, 1991 and Meluzin et al, 2001). TOE 
measurements were taken frequently throughout the entire operation of all 34 
intraoperative patients to permit a minute-to-minute analysis of RV tissue Doppler 
velocities. 
We observed that all patients who underwent cardiac surgery with a traditional mid-
line sternotomy with full pericardial opening showed an instantaneous decline in RV 
myocardial velocities at the time of pericardial incision. This reduction did not solely 
occur in those patients who had isolated coronary artery disease. Patients who 
underwent either isolated aortic valve replacement or left atrial myxoma removal, 
where a traditional full sternotomy and pericardiectomy approach was implemented, 
also showed an almost identical pattern of RV velocity decline when the pericardial 
sac was opened (Figure 4-5 and 4-6). Moreover, the overall reduction seen in RV 
velocities does not appear to be influenced by underlying coronary artery disease as 
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there was no significant difference seen between the ischaemic and non-ischaemic 
groups. In particular, patients undergoing RCABG, which does not open the 
pericardium substantially, all had significant coronary artery disease but they suffered 
no decline in RV velocities. 
As mentioned in Chapter 3, myocardial velocities are not synonymous with 
myocardial function and therefore a reduction in these velocities may not represent a 
decline RV function. In particular, it is quite possible that the while peak PW TD 
velocities are sensitive for assessing RV dysfunction as has been reported, they may 
not be specific for it, with many other factors perhaps affecting velocities also. A 
recent study reported that 2D, 3D transthoracic and MRI findings of forty patients 
referred for surgical mitral valve repair using a full thoracotomy approach (Tamborini 
et al, 2009). Despite reporting a significant postoperative reduction in right ventricular 
long axis velocities and annular excursion, Tamnorini (2009) found no reduction in 
2D, 3D or MRI derived right ventricular ejection fraction (Tamborini et al, 2009). 
Nevertheless, these velocities are frequently measured and their decline at the time of 
cardiac surgery is often remarked upon and its mechanism sought after. We believe 
that this study, by isolating the velocity reduction in time, helps prune the range of 
possible mechanisms which in turn may help others working to understand its 
meaning for the patient. 
 
4.5.3 Sternotomy alone poses no threat to RV long axis velocities 
It has been shown that act of performing a sternotomy alone causes an increase in 
cardiac filling and reduces the effect of mechanical ventilation on ventricular stroke 
volume and therefore could be classed as another potential mechanism for reducing 
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post operative RV long axis function (Reuter et al, 2004). Our cohort contained 5 
patients undergoing left sided mediastinal mass excision, in whom the sternum was 
opened to reveal the pleura but the pericardium was left fully intact. We found no 
change in RV velocities throughout these operations (Figure 4-3 and 4-6). These 
findings, together with the timing of the RV velocity decline seen in full thoracotomy 
cardiac surgery (which occurs at the time-point of pericardial opening and not sternal 
opening), effectively eliminate the possibility that sternal opening itself is relevant to 
this phenomenon.  
 
4.5.4 Study limitations 
RV geometry is complex, and it might be argued that this mode of evaluation is far 
from comprehensive. However, longitudinal excursion plays the dominant role in RV 
function (Hammarstrom et al, 1991) and can be monitored intraoperatively with 
exquisite temporal resolution. It is therefore a good choice of variable to identify the 
time-point of right ventricular tissue Doppler velocity decline, and to do so in a way 
that can be interpreted alongside outpatient pre and post operative images (Alam et al, 
2003 and Bleeker et al, 2006). 
 We carried out post operative transthoracic echocardiograms 1 month following 
surgery. We chose this time-point to enable a representation cohort of patients to be 
recruited, and in the knowledge that established RV long axis velocity reduction tends 
to persist in the long term (Alam et al, 1992; Brookes et al, 1998; and Claude et al, 
2006).  
The aim of our study was to identify the types of common cardiac surgery in which 
RV long axis tissue Doppler velocities decline, and the time-point at which this occurs 
rather than assessing long term change. Other studies, where transthoracic 
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echocardiograms have been conducted 18 months following surgery, have addressed 
long term changes (Alam et al, 2003). 
 
4.6 Conclusion 
It is the act of full pericardial incision which is responsible for the reduction in RV 
longitudinal velocities, which occurs at the same time-point and to approximately the 
same extent in all patients in whom the pericardium is fully opened regardless of 
underlying pathology and reason for surgery (valve disease, coronary artery disease, 
or other). It does not occur in the patients in whom the pericardium is not fully 
opened. 
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Figure 4-8 Bland-Altman plot for right ventricular S’, E’ and TAPSE in 
patients who had Robotic-CABG surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Robotic-CABG surgery patients.  
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Figure 4-9 Bland-Altman plot for left ventricular S’, E’ and SAPSE in patients 
who had Robotic-CABG surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Robotic-CABG surgery patients.  
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Figure 4-10 Bland-Altman plot for left and right ventricular EF and right 
ventricular end-diastolic volume in patients who had Robotic-CABG surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Robotic-CABG surgery patients.  
161 
 
-6
-4
-2
0
2
4
6
0 5 10 15 20 25
AVR Coefficient of Variation for RV S’ = 0.1315
 
-4
-3
-2
-1
0
1
2
3
4
0 5 10 15 20
AVR Coefficient of Variation for RV E’ = 0.1008
 
AVR Coefficient of Variation for TAPSE = 0.089
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0 0.5 1 1.5 2 2.5 3 3.5 4
 
 
 
 
 
 
Figure 4-11 Bland-Altman plot for right ventricular S’, E’ and TAPSE in 
patients who had AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all AVR surgery patients.  
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Figure 4-12 Bland-Altman plot for left ventricular S’, E’ and SAPSE in 
patients who had Mini-AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all AVR surgery patients.  
163 
 
AVR Coefficient of Variation for RV EF = 0.246
-40
-30
-20
-10
0
10
20
30
40
0 10 20 30 40 50 60 70 80 90
AVR Coefficient of Variation for LV EF = 0.1898
-40
-30
-20
-10
0
10
20
30
40
0 10 20 30 40 50 60 70 80 90
 
AVR Coefficient of Variation for RV Volume = 0.127
-40
-30
-20
-10
0
10
20
30
40
0 20 40 60 80 100 120 140 160
 
 
 
 
 
 
Figure 4-13 Bland-Altman plot for left and right ventricular EF and right 
ventricular end-diastolic volume in patients who had AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all AVR surgery patients.  
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Figure 4-14 Bland-Altman plot for right ventricular S’, E’ and TAPSE in 
patients who had Mini-AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Mini-AVR surgery patients.  
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Figure 4-15 Bland-Altman plot for left ventricular S’, E’ and SAPSE in 
patients who had Mini-AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Mini-AVR surgery patients.  
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Figure 4-16 Bland-Altman plot for left and right ventricular EF and right 
ventricular end-diastolic volume in patients who had Mini-AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study).This was 
conducted in all Mini-AVR surgery patients.  
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Figure 4-17 Bland-Altman plot for intraoperative transoesophageal right 
ventricular S’ velocities in AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study). In the 
AVR group the right ventricular S’ at the start of the case was 5.6%, following pericardial 
incision was 10.7% and at the end of the case was 11.6%.   
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Figure 4-18 Bland-Altman plot for intraoperative transoesophageal right 
ventricular S’ velocities in Mini-AVR surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study). In the 
mini-AVR group the right ventricular S’ at the start of the case was 7.8%, following 
pericardial incision was 7.1% and at the end of the case was 6.4%.   
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Figure 4-19 Bland-Altman plot for intraoperative transoesophageal right 
ventricular S’ velocities in Robotic-CABG surgery 
The reproducibility data was expressed as a coefficient of variation between two independent 
experienced operators (one of whom conducted all the measurements of the study). In Robotic-
CABG group the right ventricular S’ at the start of the case was 4.9%, following pericardial 
incision was 6.4% and at the end of the case was 6.6%.    
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5.0  Progressive loss of RV velocities and 
pericardial support pressure during stepwise 
pericardiotomy in humans undergoing CABG.   
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5.1 Abstract  
CABG reduces right ventricular (RV) long axis velocities by half: loss of pericardial 
support may play a role. We tested this by measuring pericardial support pressure and right 
ventricular long axis velocities continuously, in humans undergoing CABG. 
 We performed the standard T-shaped pericardial incision in three-stages (upper and lower 
halves of vertical incision and transverse lower incision) and measured right ventricular 
long axis velocities, intrapericardial mechanical pressure (with a flat fluid- filled balloon) 
and right ventricular or pulmonary artery pressure at each stage in 7 patients undergoing 
CABG.  
Initially pericardial support pressure (PcSP) was significantly positive (7.2±3.9 
mmHg, p<0.01) but fell to nil (-1.0±2.1mmHg, p<0.01) once the pericardium was 
fully opened. RV long axis velocities dropped by 54% (10.3±2.2 to 4.7±9.6cm/s, 
p<0.0001) with the largest drop occuring during the second half of the longitudinal 
incision. Mean pulmonary artery, RV end-diastolic, RV systolic and RV dp/dt did not 
change significantly.   
The pericardium provides substantial local mechanical support to the right ventricle which 
persists until the advancing incision reached the measured point. It is the second half of 
longitudinal pericardial incision which causes almost all of the decline in RV long axis 
velocities.  
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5.2 Introduction  
The findings in Chapters 3 and 4 have shown that there is potentially a larger role for 
pericardial support than previously suspected. We therefore hypothesise that the 
structural support the intact pericardium provides for the right ventricular is 
physiologically significant.  Holt (1970) reported that the pericardium prevents; 
dilatation of the heart chambers, myocardial hypertrophy under strenuous exercise, 
and ventriculo-atrial regurgitation under conditions of increased ventricular end-
diastolic pressure (Holt et al, 1970). In addition, the pericardium has also been shown 
to limit right ventricular stroke work under conditions of increased left ventricular out 
flow resistance (Holt et al, 1970).   
 Animal studies have shown that after pericardiectomy, right ventricular and left 
ventricular filling curves are displaced to the left reflecting a decrease in filling 
intracavitary pressures at the same points of cardiac output, indicating a significant 
supportive pressure contribution from the pericardium (Lupi-Herara et al,2000). In 
addition, animal studies have also shown that the structural support from the 
pericardium is important for right ventricular haemodynamics (Janicki et al, 1980; 
Stocker et al, 1987; Assanelli et al, 1990; Fabousli et al,1992; Hoit et al, 1991; 
Hamilton et al, 1994). This potential role of physiological pericardial restraint in RV 
function has also been studied in humans. One study used direct compression of the 
pulmonary artery to acutely increase right ventricular afterload during cardiac surgery, 
and showed that opening of the pericardium led to a dramatic increase in RV end-
diastolic volume, and also reduced RV ejection fraction (Brookes et al,1998). 
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5.2.1 Pericardial support pressure is not synonymous with 
pericardial fluid pressure 
Only while the pericardium is unopened is there guaranteed equivalence between 
the support pressure provided by both the pericardium and pericardial fluid on the 
myocardium. In health the pressures of both are small, whereas in for example, 
tamponade both are large. However, once there is even a small hole in the parietal 
pericardium these pressures can become quite different (Kloner et al, 1994; Roberts et 
al, 1981) 
  
One example of this is after the earliest incision of the pericardium during surgery 
where the pericardial fluid will fall to zero but the pericardium can still continue to 
provide support, and therefore force, to the myocardium. Thus, when considering the 
net transmural pressure on the right ventricle (intracavitary pressure minus external 
pressure) which is what determines the right ventricular wall stress, we should 
remember that during surgery the external pressure is not adequately represented by 
measurement of fluid pressure (Figure 5-1) 
 
5.2.2 Measurement of pericardial support pressure 
Previously, studies have employed open-ended fluid-filled pressure catheters in the 
pericardial space, but that technique clearly only measures the fluid pressure alone. 
Once the pericardium opened, this approach is immediately unable to assess the 
contact pressure of the pericardium and significantly underestimates the true 
supportive contact pressure of the pericardium (Devries et al,2001). The most 
accurate and validated method of measuring contact pressure is to introduce a flat 
unstressed balloon with a very small volume of fluid within it, into the pericardial 
space, and measuring the pressure in the balloon, which equals the contact pressure of 
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the epicardial surface of the heart against the balloon (Devries et al,2001; Shabetai R 
et al,1999; Shabetai et al, 1999; Gibbons et al, 2003). 
To confirm its accuracy experiments have measured left ventricular end diastolic 
pressure, before and after pericardiectomy. The left ventricular diastolic volume were 
kept constant, and therefore the pressure obtained represented a true figure for the 
pressure of pericardial constraint. This value was almost identical to the pericardial 
pressure measured using unstressed balloons, and of course significantly greater than 
that obtained using a simple fluid pressure transducer (Shabetai R et al,1999). 
 
 
A significant and persistent reduction in RV long axis myocardial velocities is 
commonly seen in patients following CABG surgery (Alam et al, 2003 and Carr-
White et al, 1999).The precise mechanism remains unknown although the fall is 
clearly detectable a few minutes after the pericardium has been opened (Unsworth et 
al, 2010).     
In this study we broke down pericardiotomy into three stages, to determine exactly when 
the velocities fall by continuous TD monitoring. We second tested whether the 
pericardium provided significant support over the RV, using a pliable fluid filled balloon 
placed into the pericardial space.  
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Figure 5-1 Force caused by pericardial fluid and deformation / support force 
The cartoon above demonstrates two different pressure forces. Force caused by pericardial fluid 
and deformation / support force from the pericardial sac itself.  
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5.3 Methods 
5.3.1 Subjects  
We prospectively recruited patients to undergo intraprocedural instrumentation during 
at specific time points during elective first procedure CABG surgery between 
September and November 2009. Exclusion criteria were concomitant valve, coronary 
artery surgery or atrial fibrillation. Seven patients (5men, mean 66±6 years) were 
enrolled on the study, and gave informed consent. This study had ethical approval 
from the local research ethics committee.  
The pericardial support pressure (PcSP) was measured using a calibrated slender fluid 
filled balloon. Recording were made just before the main pericardial incision began 
through a small punctate opening and then after each of the three stages of pericardial 
opening. RV tissue Doppler myocardial velocities were also measured at the same 
timepoints as well as at a wide range of other time points throughout the CABG 
procedure.   
An RV pressure catheter was also inserted to assess right sided haemodynamics. RV 
pressure was also monitored using a flotation catheter except for patients when having 
the catheter in the RV caused ventricular tachycardia, in the latter patients the catheter 
was positioned in the pulmonary artery.  
The timing of each stage of surgery was documented for each patient, so that all data 
could be mapped to each surgical step, in particular times of the stages of pericardial 
opening. 
As seen in the previous experimental chapters, we carried out transthoracic 
echocardiograms one week before and one month after surgery.  
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5.3.2 Measurements 
 
5.3.2.1 Pericardiotomy in stages 
 
A standard sternotomy was performed. The pericardium incised in a standard inverted 
‘T’ shape. For the purpose of this research study, the pericardial incision process was 
divided into three-stages, with a one-minute observation interval between each stage. 
The first stage involved the opening of the upper half of the vertical incision. The 
second stage was the lower half of the vertical incision. The third stage was the 
transverse incision across the inferior end of the vertical incision. 
 5.3.2.2 Pericardial support pressure  
Each balloon was connected to a standard 1 meter manometer line using adhesive 
heat-shrink tubing. Each balloon was injected with saline and de-aired to ascertain an 
independent volume capacity for each support pressure circuit.  The balloon assembly 
were then sent for gas sterilised with ethylene oxide. Just before insertion into the 
pericardial space the balloon assembly were then re-filled with the pre-calculated 
volume of saline using a standard aseptic technique. The balloon assembly was first 
connected to a disposable venous MX 9634B (Smiths Medical international Ltd) 
transducer and then a Miller pressure-volume system (MPVS-Ultra) digital 
conversion unit. Once connected, calibration tests were performed and the circuit was 
balanced to zero with the balloon placed at the level of the heart.   
A small 2cm horizontal punctate apenture was made at the mid-line of the superior 
border of the pericardium. Through this the pre-calibrated saline filled 4x3cm pliable 
balloon (Smiseth et al, 1989) was inserted into the pericardial space and advanced 
down to the inferior portion of the RV free wall (Figure 5-2 and 5-3) 
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Figure 5-2 Schematic of pericardial balloon and pericardiotomy   
 
Schematic a) demonstrates the shape of the slender pericardial balloons which were filled 
with a pre-calculated volume of fluid prior to gas sterilised with ethylene oxide.  
b) demonstrates the placement of pericardial pressure balloon assembly within the 
pericardial space and intra-cavity right ventricular catheter. The balloon assembly was 
inserted through a small superior 2cm incision and carefully fed into position on the 
epicardial surface of the RV without substantially reducing pericardial integrity. Schematic 
c) demonstrates the incision line of the three-staged pericardiotomy approach. Before 
balloon insertion, the sternum of the patient was opened using a standard midline 
sternotomy approach. Once the balloon was in position on the epicardial surface of the RV, 
the pericardium was gradually opened using a standard T-shaped pericardial incision in 
three-stages (upper and lower halves of vertical incision and transverse lower incision). 
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Figure 5-3 Recording from pericardial support balloon while in situ of pericardial space 
Upper panel: sample of the pericardial balloon pressure in one patient recorded when the pericardium was fully intact. Pericardial pressure measurements are taken 
from late-diastolic data points.  
Lower panel: simultaneous ECG recording (the second beat is an isolated ventricular ectopic. The effect of the isolated VE is also seen on the simultaneous 
pericardial pressure support recording*)    
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Beat by beat pericardial pressure recordings were displayed and recorded into a 
National instrument DAQ-Card AI-16E-4 and acquired at 1kHz using Labview 7 
graphical programming system. The recorded data were analysed off-line using 
custom-written Matlab software (Mathworks, Natick, MA).  
 
Recording commenced once the pericardial balloon was in position, throughout three-
stage pericardiotomy and when the pericardium was fully opened and the balloon 
therefore was resting on the exposed surface of the right ventricle.   
Following each study the applied pressure of each balloon was re-confirmed using a 
calibration chamber discussed in Chapter 2 (Hamilton et al, 2001).  
 
5.3.2.3  Right heart haemodynamics  
 
 
A Swan-Ganz pulmonary artery catheter (Arrow International Hands-off 
thermodilution catheter) was inserted into the RV in each patient using a percutaneous 
approach via the internal jugular vein. In patients where there was poor catheter 
stability the tip of the flotation catheter was advanced in the main pulmonary artery. 
All measures were recorded using a disposable venous MX 9634B (Smiths Medical 
international Ltd) transducer attached to Millar pressure-volume system (MPVS-ultra) 
digital conversion unit and recording system. The pulmonary haemodynamic circuit 
was then zeroed and a clear and stable trace of either RV or pulmonary pressure was 
obtained. Recordings were made before, during and following three-stage 
pericardiotomy.  
 
All RV haemodynamic pressure data was displayed and recorded into a National 
instrument DAQ-Card AI-16E-4 and acquired at 1kHz using Labview 7 graphical 
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programming system. The recorded data were analysed off-line using custom-written 
Matlab software (Mathworks, Natick, MA)  
 
5.3.2.4 Intra-operative Transoesophageal echocardiography 
 
 
Intra-operative TOE measurements were carried out using a multiplane 5-MHz 
transoesophageal transducer and Vivid I system (GE Healthcare, Waukesha, WI). The 
probe was placed at a mean depth of 30 cm with a mean angle of 22 degrees to obtain 
a view of the RV.  
Tissue Doppler myocardial velocities were measured by placing the pulse wave 
sample volume 1 cm from the level of the tricuspid annulus during ventricular systole, 
and the mean value of four consecutive beats was recorded. The sample volume 
length was set between 2 and 5 mm to minimise spectral broadening. Recording 
commenced once a working view was located which permitted the operator to 
replicate the tricuspid annular velocities obtained during the pre-operative TTE.   
RV annular velocities were recorded frequently, initially from the onset of general 
anaesthesia up until the end of the operation when the skin was sutured. The mean 
value of 4 consecutive beats was used for each time point. Recordings were acquired 
during standard ventilated respiration. 
In patients undergoing off pump ‘beating heart’ coronary arterial bypass grafting 
velocity recordings were made continuously during the procedure until the point of 
skin suturing. In patients in whom the heart needed to be stopped using anterograde 
crystalloid cardioplegia and the patients placed on a heart and lung bypass machine, 
recordings were taken up until bypass cannulae insertion. Recording resumed after 
full weaning from cardiopulmonary bypass and after protamine administration. 
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5.3.2.5  Pre and post-operative Transthoracic echocardiography 
 
Each patient was scanned using conventional 2D, pulsed wave and tissue Doppler 
imaging techniques one week before and one month after surgery. Patients were 
placed in the left lateral decubitus position, where using a Vivid I system (GE 
Healthcare, Waukesha, WI) both parasternal and apical imaging windows were 
imaged using a S5-1, 3.5 MHz transducer at a mean depth of 16cm. Ventricular 
fractional shortening (FS) and left atrial dimensions were calculated from the 
parasternal imaging windows, while ventricular volume estimates, atrial area 
estimates, annular M-mode excursion, tissue Doppler imaging and pulsed wave 
Doppler velocities were calculated from the apical window. 
Left ventricular (LV) ejection fraction (EF) was assessed from the major axis using 
the Simpsons method of discs. RV dimensions were taken in both minor and major 
axis positions. Dimension measurements were made in both parasternal long axis and 
short axis views. These measures were repeated in the lateral-medial plane, 
perpendicular to the major axis from a point one third the length of this axis from the 
tricuspid valve annulus. RV major axis cavity length, area, and volume measurements 
were taken and ejection fraction estimates calculated.   
Tissue Doppler myocardial velocities and M-Mode annular systolic excursion plane 
estimates were measured by placing the pulsed wave and M-Mode sample volume at 
the level of the basal RV free wall (TAPSE) and basal septum (SAPSE). The mean 
values of four consecutive beats were recorded. The pulsed wave sample volume 
length for each patient was set between 2 and 5 mm to minimise spectral broadening. 
Recordings were acquired and used to estimate both RV and LV excursion distances 
(cm) and myocardial velocities (cm/s). 
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Ventricular filling was assessed using both transmitral and transtricuspid Doppler 
sampled from the apical window. The Doppler sample volume was placed at the level 
of the mitral and tricuspid leaflet tips using the guidance of spectral colour Doppler.  
All Doppler recordings were acquired during normal respiration, and were utilised to 
calculate the following variables: (a) peak transmitral early diastolic inflow E and A 
wave velocities; (b) peak tissue Doppler diastolic E’, A’ and systolic S’ velocities; (c) 
E:A and E:E’ peak left ventricular compliance ratios; (d) stroke volume (ml); (e) 
cardiac output (L/min2); (f) tricuspid regurgitation estimates of pulmonary artery 
pressures (Est PAP mmHg); and (g) tricuspid regurgitation dP/dt values.  
 
 
5.3.3 Reproducibility 
 
All pressure data was analysed using a customised programme written within Matlab. 
This fully automated software provides 100% reproducibility in the measurement of 
all haemodynamic data wave forms. Matlab software was used to measure waveforms 
in all experimental chapters where invasive haemodynamic measurements were 
recorded. 
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5.3.4  Statistical analysis 
 
Statistical analysis was performed using Statview 5.0 (SAS Institute Inc). Continuous 
data are expressed as mean ± standard deviation (SD). Comparisons between patients 
before and after surgery were made using Student’s paired t-test. Comparisons 
between subgroups were made using unpaired t-tests. To account for the multiple 
comparisons, we regarded a p value of <0.01 to be statistically significant.  
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5.4 Results 
The PcSP, TOE and RV haemodynamic measurements of all subjects before, during 
and following three-staged pericardiotomy are shown in Table 5-1. Pre and post 
operative transthoracic echocardiography (TTE) data are shown in Table 5-2. All 
subjects were confirmed by echocardiography to have good ventricular function 
without; regional wall motion abnormalities, raised pulmonary artery pressure 
estimates, right ventricular hypertrophy or valve dysfunction other than mild 
regurgitation. No subjects were found to have dense pericardial adhesions at the time 
of pericardiotomy.     
 
 5.4.1 Findings following three-staged pericardiotomy 
 
5.4.1.1 Findings following first-incision: upper half of vertical incision  
 
Following the first pericardial incision, where the upper half of the vertical incision was 
made, no significant changes were seen in; PcSP (from 7.3±3.9 to 7.3±3.6 mmHg, 
p=0.837), RV myocardial TD S’ velocities (from 10.4±2.2 to 10.1±2.8 cm/s, p=0.366), 
TD E’ velocities (from 5.8±1.7 to 5.5±1.5 cm/s, p=0.517), Mean PA pressures (from 
23.5±4.8 to 22.5±3.0mmHg, p=0.262) or in RV Dp/dt measurements (from 174±38 to 
176±27, p=0.987) (Figure 5-4 and Figure 5-4).  
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Intra-operative characteristic Sternum Closed Pc After Upper After lower After 1 Min  after 3 Mins after
p Value Unopened p Value vertical Pc  p Value vertical Pc  p Value  Transverse Pc  p Value  Pc fully p Value Pc fully
incision incision incision opened  opened
Transoesophageal echo
(n=7)
RV PW TD S' (cm/sec) 10.2±2.3 0.466 10.4±2.2 0.36 10.1±2.8 0.0007* 6.6±2.4 0.003* 5.4±1.9 0.238 4.9±1.5 0.291 4.8±1.4
RV PW TD E' (cm/sec) 5.9±1.5 0.579 5.8±1.7 0.517 5.5±1.5 0.101 4.4±1.5 0.603 4.0±1.2 0.153 4.6±1.3 0.227 4.1±1.0
Haemodynamics
(n=7)
Pc Support pressure (mmHg) (Balloon not in situ) 7.25±3.9 0.837 7.32±3.6 0.153 5.75±3.6 0.008* 0.59±1.3 0.137 -1.08±2.1 (Balloon not in situ)
RV pressure data
(n=4)
RV dP/dt  (mmHg/s) 184.5±33.6 0.072 173.7±37.9 0.987 175.8±27 0.996 177.2±20.1 0.117 184.0±16.9 0.472 185.5±26.5 0.081 198.2±42.3
RV Systolic pressure (mmHg) 21.8±2.6 0.102 20.7±1.7 0.095 21.2±1.7 0.663 20.9±1.4 0.885 21.2±5.1 0.619 21.4±5.3 0.699 21.7±4.3
RV end-diastolic pressure (mmHg) 1.21±1.7 0.136 1.31±1.8 0.585 0.9±1.4 0.074 0.95±1.4 0.503 1.13±1.6 0.282 1.13±1.6 0.303 0.97±1.1
PA pressure data
(n=3)
Mean PA pressure (mmHg) 21.4±4.4 0.519 23.5±4.8 0.262 22.5±3 0.327 23.4±4.6 0.197 22.8±3.8 0.082 23±3.6 0.394 23.9±5.7
Pc= Pericardium; RV= Right ventricle; PW TS= Pulsed wave Tissue Doppler; S' = Systolic wave; E' = Early diastolic wave; Mean PAP= Mean pulmonary artery pressure;
Pc support pressure=Pericardial support pressure measured by fluid filled balloon during RV diastole. P values for successive pariwise comparisons as shown
* Stared values are statistically significant
Table 5.1 Intra-operative characteristics of all patients who underwent routine cardiac bypass surgery 
 
Intra-operative characteristics of all patients who underwent routine cardiac bypass surgery. The measurements were recorded by TOE, pericardial 
balloon and right heart catheterisation prior, before and after both sternal opening and staged pericardiotomy. 
All p values are derived from statistical comparison of successive pairs. Result expressed as value  ± standard deviation     
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T able 2: T ransthoracic echocardiographic data of the 7 patients studied. 
PRE OP TTE POST OP TTE р  Value
(1week pre) (1 months post)
QRS Duration 71±11.5 70±8.6 0.781
LV EF % 57.1±14.7 54.9±16.9 0.821
LV FS % 26.4±8.1 24.4±11.2 0.739
Trans Mitral E/A Ratio 1.1±0.6 0.8±0.5 0.362
TDI E/E' Ratio 15.1±6.2 16.3±1.4 0.895
Septal PW TDI E' (cm/s) 5.6±1.9 4.9±1.3 0.180
Septal PW TDI S' (cm/s) 5.9±1.3 6.4±1.1 0.347
Lateral S' (cm/s) 7.6±1.4 7.8±2.3 0.592
SAPSE (cm) 1.26±0.44 0.96±0.2 0.172
Left Atrial Area (cm²) 21.2±3.6 22.7±3.1 0.280
Right Atrial Area (cm²) 15.2±4.7 17.4±3.9 0.434
Stroke Volume (cc) 11.26±15 12.2±16.34 0.316
CO (L / min²) 723±919 1049±1208 0.763
RV EF % 48.9±14.3 52±10.5 0.691
RV FS % 20.6±7.6 21.8±5.4 0.738
RV End Diastolic Vol (ml) 58.3±10.6 53.3±10.3 0.388
Tricuspid Annulus (cm) 2.9±0.43 2.8±0.35 0.660
Basal diameter of RV (cm) 3.8±0.7 3.6±0.4 0.546
RV Major Axis end-diastole (cm) 7.4±0.4 7.3±0.3 0.546
RV Area (cm²) 19.1±1.7 18.1±2.1 0.333
TAPSE (cm) 2.5±0.3 1.2±0.24 0.0001
RV Tei Index PW Doppler 0.06±0.07 0.04±0.05 0.159
RV Tei Index PW TDI 0.05±0.06 0.07±0.01 0.225
RV PW TDI S' (cm/s) 12.8±1.5 6.9±3.5 0.002
RV PW TDI E'(cm/s) 6.7±2.4 5.2±3 0.076
Est PAP (mmHg) 24.6±7.1 23.8±5.8 0.836
TR dT/dP (mmHg/sec) 45.1±57.1 35.39±45.18 0.768
RV Circum:Length ratio 0.37±0.56 0.155±0.196 0.628
RV FAC (%) 30.6±6.2 30.8±7.9 0.942
TDI RV free wall: IVRT (msec) 41.86±11.13 51±17.7 0.368
LV EF% = Left ventricular ejection fraction (Simps on's  method); PW TD= Pulsed wave Ti ss ue Doppler; 
S' = Systol i c wave; E' = Early diastol i c wave;  SAPSE; Septa l  annular systol i c plane excurs ion; 
TAPSE= Tricus pid annuar s ystol ic plane excurs ion; TR = Tris ucpid regurgitation; 
RV FAC = Right ventricular fractional  area  change %. 
 
Table 5.2 Echocardiography measures of 7 patients who underwent 
CABG. 
Echocardiography measures of 7 patients who underwent routine cardiac bypass 
surgery. These measurements were made by transthoracic echocardiography 1 week 
before and 6 months after surgery. Result expressed as value  ± standard deviation.     
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5.4.1.2   Findings following second-incision: lower half of vertical incision 
In contrast, following the lower half of the vertical incision PcSP only reduced slightly by 
19.8± 24.4% (from 7.3±3.6 to 5.8±3.6mmHg, p=0.153). While RV myocardial S’ 
velocities reduced significantly by 37.0± 11.2% (from 10.1±2.8 to 6.58±2.37cm/s, 
p=0.0007).  
There was no change in RV E’ myocardial velocities (from 5.5±1.5 cm/s to 4.4±1.5 cm/s, 
p=0.101), mean PA pressures (from 22.5±3.0mmHg to 23.4±4.6mmHg, p=0.327) or in 
RV Dp/dt (from 176±27 to 177±20, p=0.996) (Figure 5-4 and Figure 5-5).  
 
5.4.1.3  Findings following third-incision: transverse incision 
 
Following the final stage of the pericardial incision, after which the pericardium was fully 
opened, as expected there a large decline in PcSP by 88±26% (from 5.8±3.6mmHg to 
0.6±1.3mmHg, p=<0.008). RV myocardial S’ velocities reduced a further 11±9% (from 
6.58±2.37 to 5.41±1.9 cm/s, p=0.003).  
There was no change in RV E’ myocardial velocities (from 4.4±1.5 to 4.0±1.2 cm/s, 
p=0.603), mean PA pressures (from 23.4±4.6 to 22.8±3.8mmHg, p=0.197) or in RV Dp/dt 
(from 177±20.1 to 184±17, p=0.996)(Figures 5-4 to 5-7).  
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Figure 5-4 Time course of pericardial support pressure 
Time course of pericardial support pressure measured by balloon in all seven patients. There is a large decline in pericardial support pressure after the 
final, transverse incision of the pericardium 
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Figure 5-5 Time course of transoesophageal tissue Doppler velocities 
Upper panel: time course of pericardial support pressure measured by the balloon. There is a large 
decline in pericardial support pressure after the final, transverse incision of the pericardium.  P values 
represent successive pairwise comparisons. 
 Lower histogram, shows the time course of intra-operative transoesophageal RV tissue Doppler 
velocities showing RV S’ myocardial velocities at each stage of the pericardiotomy. There was an 
immediate decline in the RV S’ myocardial velocities after the lower half of the vertical incision. 
Velocities continued decrease after the final, transverse incision and remained low to the end of the 
operation. After the lower half of the pericardial incision the velocity at each time point was 
significantly lower (<0.05) than any of the preceding time points. All other pairwise comparisons were 
p=NS. 
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Figure 5-6 Extended recording of pericardial pressure during staged pericardiotomy 
Upper panel: Sample of pericardial balloon pressure in once patient during staged pericardiotomy.  The incision are marked Upper vertical, lower 
vertical and transverse. There is a large decline in pericardial support pressure after the final, transverse incision of the pericardium. 
Lower panel: Simultaneous ECG recording.    
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5.4.1.4  One-minute following pericardiotomy 
 
At this stage of the operation the pericardial balloon was resting on the beating epicardial 
surface of the RV. PcSP recording was approximately zero. RV TD S’ velocities showed a 
non significant further decline of 14% (from 5.41±1.9 to 4.99±1.5 cm/s, p=0.238) 
There was no change in RV E’ myocardial velocities (from 4.0±1.2 to 4.6±1.3 cm/s, 
p=0.153), mean PA pressures (from 22.8±3.8 to mmHg to 23±3.6 mmHg, p=0.082) or in 
RV Dp/dt (from 184±17 to 186±27, p=0.472).  
 
5.4.1.5  Three minutes following pericardiotomy – pericardium fully opened 
Three minutes after pericardial opening the balloon was removed from the epicardial 
surface of the heart and PcSP recordings were terminated. Ongoing recordings of RV TD 
myocardial velocities showed no significant further changes in RV velocities, mean PA or 
RV Dp/dt measurements. (Table 5-1). 
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5.4.2 Transthoracic echocardiography findings pre and post surgery 
 
Transthoracic echocardiography was carried out in all patients one week before and 
one month after surgery, Table 2. TTE data showed a clear fall in both RV annular S’ 
velocities and TAPSE excursion. RV annular S’ Velocities fell by 47.0±12.2% 
(12.8±1.5 to 6.9±3.5 cm, p=0.002) and TAPSE fell by 53.0±13.5% (2.5±0.3 to 
1.2±0.24 cm, p=0.0001).  
There was no significant change seen in post operative RV ejection fraction, , RA 
area, RV volumes, tricuspid regurgitation (TR) and pulmonary pressures, or dP/dt 
estimates (p=NS)(Table 5-2)  
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5.5 Discussion 
 
By deliberately breaking down the standard T-Shaped pericardiotomy into stages and 
pausing after each stage to make measurements of RV velocities and intrapericardial 
support pressure (using an inserted balloon) this study pin-points in humans 
undergoing CABG, the impact of  pericardial incision on pericardial support pressures 
and RV long axis velocities. 
    
5.5.1  Changes in Pericardial balloon support pressure   
 
Flat, fluid-filled pericardial balloons are a well-validated tool for measuring the 
support exerted by the pericardium on the heart (Hamilton et al, 2001; Smiseth et al, 
1984 and Tyberg et al, 1986), in a way not possible using simply and end-hole 
catheter (Kenner et al,1966; Agostoni et al, 1972; and Holt et al, 1960). We found 
that mean pericardial support pressure with the pericardium intact was7.2 mmHg, 
which is similar to the findings of other workers (Hamilton et al, 1994).   
The assessment of pericardial balloon pressures before, during and after a deliberately 
staged traditional T-shaped pericardiotomy is unlike that of previous work, which 
primarily focussed on assessing pericardial balloon pressure to assess the effect of  
fluid loading conditions, isolating or restricting chamber volume, or 
increasing/decreasing chamber pressure. Furthermore, a majority of those studies used 
canine models, with the pericardium either fully intact or fully open.  
In this study we deliberately adopted a stepwise technique, breaking down the 
standard pericardiotomy process into three stages and assessing the effects each stage 
has on simultaneously recorded right ventricular; pericardial pressures, intra-cardiac 
haemodynamic and myocardial velocities (Figure 5-7). 
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Figure 5-7 
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Figure 5-7 Photographic images of stage pericardiotomy 
 
Image a) the balloon  resting on the surface of an unopened pericardium. The balloon was zeroed 
while resting on the surface of the pericardium. The tension of the closed pericardial sac means that 
the beating heart underneath does not alter the height of the balloon so there were no transient 
changes in height when the balloon assembly was balanced to zero. 
 
Images b) the balloon being inserted into the pericardial space a small 2cm superior punctuate 
incision. This allowed the balloon to the placed into the pericardial space without affecting the 
integrity of the pericardium. 
 
Image c) The balloon is inserted into the pericardial spaced and fed into position over the mid 
section of the right ventricular free wall. Once in position recordings of simultaneous right heart 
catheter and pericardial pressures started. 
 
Image d) The first incision is made called the ‘upper vertical incision ‘. At this stage the epicardium 
is visible from underneath the pericardial sac. The balloon assembly is also still visible however the 
balloon is still underneath an intact area of pericardium. 
 
Image e) The second incision is made called the ‘lower vertical incision’. The balloon assembly is 
still remains hidden underneath an intact area of pericardium. 
 
Image f) The third and final incision called the ‘transverse incision’. At this stage the pericardial 
balloon would be visible resting on the surface of the right ventricle. 
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The pericardial pressure in all patients showed minimal change after the first half of 
the vertical incision was made, and only reduced by 11% after the second vertical 
incision.  However after the final, transverse incision there was an 80% reduction in 
pericardial balloon pressures which then reduced to almost zero one minute later after 
the pericardium had been held open by sutures, with the pericardial balloon visible 
resting on the epicardial surface of the beating heart (Figures 5-4 and 5-5). 
These findings suggest that the impact of pericardiotomy on pericardial support 
pressures is isolated to the specific location in which the incision is made. In this 
study the balloon was inserted into the pericardial space and positioned over the RV 
free wall, near the site of the transverse incision. This location was chosen because it 
was expected to be stable, and away from the AV groove (avoiding accidental 
measure of the support pressure of the atria). 
 
The more superior upper and lower vertical incision produced only minimal changes 
in pericardial support pressures were seen. Only once the final, more inferior, 
transverse incision was made did the support pressure suddenly reduce and it 
continued to fall following the full exposure of the heart. The preservation of 
pericardial pressures after even the first and second stages of the pericardiotomy, we 
believe this illustrates the pericardium’s resilience which enable it to continue 
providing support, after partial incision, in remaining areas where its integrity has not 
been compromised.  
One minute after pericardial opening, when the balloon was resting on the surface of 
the heart, pericardial pressure averaged slightly less than zero. All of the balloon 
assemblies had been balanced to zero at the level of the heart after sternal opening and 
prior to insertion into the pericardial space. At no stage until the end of the balloon 
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and intra-cardiac pressure measurements was the height of the theatre table adjusted, 
nor had vein harvesting begun. Fluid loading was also limited in all cases during these 
periods of data collection. We believe that this reflects the small elevation of the 
anterior surface of the RV, occurring once the covering support of the pericardium is 
removed. 
5.5.2 Staged-pericardiotomy marks the amount of pericardial 
opening required for RV myocardial velocity decline    
 
The intraoperative use of tissue Doppler Transoesophageal echocardiography has 
been well validated (Meluzin et al, 2001; Hammarstrom et al, 1991; and Diller et al, 
2008).     
In this study the decline in RV velocities in all patients occurred predominantly after 
the lower vertical incision and after a further intraoperative fall, persisted after the 
operation to the final, 1 month postoperative time-point.   
 
We are careful to point out that he reduction in RV S’ velocities is not synonymous 
with rapid reduction in RV “function”, since the latter might have many 
interpretations. For example; RV ejection fraction (Table 5-2), unlike RV S’ velocities 
and TAPSE, shows no significant change.  
 
5.5.3  Loss of pericardial fluid of no consequence to retaining 
supportive properties 
 
 
In order to place the pericardial balloon in the pericardial space it was necessary to 
make a small superior mid-line incision of approximately 2 cm. This incision caused 
no changes in RV velocities or invasive haemodynamics. In two of the seven patients, 
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a small amount of pericardial fluid, approximately 3-6 ml, was seen to exit the 
pericardial space via this small puncture. These observations suggest that in patients 
in whom there is no pericardial disease or excessive pericardial collections, the release 
of pericardial fluid from with the pericardial space has no impact on RV TD velocities 
or intra cardiac pressures. Furthermore these findings demonstrate that the significant 
difference between both pericardial pressure forces; forces caused by pericardial fluid 
and forces called by deformation (support) force from the pericardial sac itself (Figure 
5–1).   
 
5.5.4 Impact of three-staged Pericardiotomy on invasive 
haemodynamics  
 
In our data there were no significant haemodynamic changes in RV dP/dt, mean 
pulmonary artery pressure, or RV systolic and diastolic pressures either during the 
three stages or following complete pericardial opening. Similarly other investigators 
have also shown that pericardiotomy alone did not significantly affect RV end-
diastolic volumes, RV ejection fraction or RA pressures (Burger et al, 1995) (Figures 
5-8 to 5-11). 
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Figure 5-8 Time course of mean dP/dt measurements during pericardiotomy  
 dP/dt measurements of the 4 patients in whom the right heart catheter could be placed successfully into a stable position within the right ventricle. During 
pericardial opening no changes are seen in the right ventricular dP/dt measurements. ‘Upper’, ‘Lower’ and ‘Transverse’ represent the three stages of 
pericardial opening. 
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Figure 5-9   Right ventricular intracavity pressure before and after full pericardial opening  
 
Left side upper panel: Sample of a right ventricular pressure trace on one patient at the beginning of the case when the pericardium was closed.  
Right side upper panel: Sample of a right ventricular pressure trace in the same patient 3 minutes after the pericardium was opened. A small but non-
significant reduction in right ventricular pressures is seen three minutes after complete pericardiotomy (p=NS).    
Lower left and right panel: Simultaneous ECG recording.    
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Figure 5-10 Time course of mean pulmonary artery pressures during staged pericardiotomy 
Mean PA pressure measurements of 3 patients in whom the right heart catheter could not be placed into a stable position within the right ventricle. 
Nevertheless, during pericardial opening no changes are seen in mean PA pressure measurements. 
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Figure 5-11 Time course of mean diastolic and systolic right ventricular 
pressure during staged pericardiotomy 
Upper panel: Systolic pressure of the 4 patients in whom the right heart catheter could be 
placed successfully into a stable position within the right ventricle. During pericardial 
opening no changes are seen in the right ventricular systolic pressure measurements. 
‘Upper’, ‘Lower’ and ‘Transverse’ represent the three stages of pericardial opening. 
Lower panel: Diastolic pressure of the 4 patients in whom the right heart catheter could be 
placed successfully into a stable position within the right ventricle. During pericardial 
opening no changes are seen in the right ventricular diastolic pressure measurements. 
‘Upper’, ‘Lower’ and ‘Transverse’ represent the three stages of pericardial opening. 
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5.6  Study limitations 
Right ventricular contraction is predominantly governed by longitudinal myocardial 
fibres (Hammarstrom et al, 1991). For this reason, PW Doppler, or M-Mode imaging 
of annular motion is often used to evaluate RV status and a decline in these values 
after surgery has been reported (Alam et al, 2003 and Bleeker et al, 2006). The 
experimental design needed only a small number of patients to volunteer, and we 
followed the ethical principle of not putting additional patients through a small (but 
not zero) risk unnecessarily.  
Of our cohort, intravascular pressure data of three patients was recorded from the 
main pulmonary artery rather than the RV. The decision to advance the catheter into 
the main pulmonary artery was made at the time of catheter placement in these 
patients because the RV catheter position was unstable and was promoting 
unacceptable ventricular ectopy.   
Our study did not attempt to close the pericardium at the end of surgery, because this 
is not standard clinical practice in out institution. Attempts to do so have been 
associated with an adverse impact on immediate and short term haemodynamics (Rao 
et al, 1999 and Hunter et al, 1992). Transthoracic echocardiograms were conducted 
one month after surgery. The aim of this study was to look at the effects of staged 
pericardiotomy on RV velocities.  
It is already well know that changes in RV velocities and annular excursion observed 
post operatively persist, for example 18 months (Smiseth et al, 1984; Alam et al, 
1999; Alam et al, 2003; and Claude et al, 2006). There is no reason to believe that our 
patient’s long term measurements would be any different.  
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5.7  Conclusion 
I conclude that the precise onset of intra-operative right ventricular velocity decline 
develops during the lower half of the vertical pericardial incision of the traditional T-
shaped pericardiotomy.  
This study recorded pericardial support pressures in humans during staged 
pericardiotomy and showed that the pericardium provides substantial support which is 
still measurable locally until the pericardium at that site is removed. These findings 
show that this support is mechanical, i.e. dependent on a broad surface exerting a 
force, and not hydrodynamic, i.e. it is independent of the pericardial fluid.  
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6.0  Selective and persistent reduction in right 
ventricular velocities following coronary artery 
bypass graft surgery (CABG).  
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6.1 Abstract 
 
The reduction in right ventricular annular velocities following CABG surgery may be 
selective and persistent. We tested this hypothesis in a large retrospective cross-
sectional cohort of heart failure patients with and without a history of CABG.  
In this study, 101 patients with established heart failure underwent echocardiography 
and CPX exercise testing, 43 of whom had undergone previous CABG and 61 of 
whom had not. Myocardial tissue Doppler velocities were used as a measure of left 
and right ventricular function. To adjust for varying degrees of overall cardiac 
impairment, we calculated the ratio between the velocities of the right and left 
ventricle. Exercise CPX testing was also performed using standard modified Bruce 
protocol.  
Transthoracic echocardiography data showed that the RV:LV ratio was lower in the 
CABG group compared with the non-CABG group for S’ by 32±7% (p<0.001), E’ by 
39±9% (p<0.001) and A’ by 37±8% (p < 0.001). Even when the patients who had 
undergone previous CABG were compared to the ischaemic heart failure patients 
without CABG, a similar relative impairment was seen. In the CABG group S’ was 
lower by 25±8% (p<0.001), E’ by 34±10% (p<0.001) and A’ by 38±6% (p<0.002). 
There were no significant differences in exercise capacity (P=NS)  
This study shows that right ventricular myocardial annular velocities are substantially 
lower in patients following CABG surgery, but that this reduction is not directly related to 
exercise capacity. The changes in tissue Doppler velocities are persistent and are still 
evident many years after surgery. These features cannot be explained simply by some 
general feature of ischemia, and therefore must be a consequence of surgery. 
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6.2 Introduction 
Coronary artery bypass graft (CABG) surgery is a common treatment for coronary 
artery disease in left main stem and multi-vessel disease. It has well-documented 
improvements in not only survival but also symptoms and exercise tolerance (Hannan 
et al, 2005). However, improvements in myocardial perfusion do not necessarily elicit 
improvements in ventricular function, as shown previously in both echocardiographic 
and radionucleotide studies (Righetti et al, 1997).  
 
The assessment of myocardial annular velocities using pulsed wave tissue Doppler 
imaging (PW TD) is considered as a quick, accessible, sensitive and robust method 
for assessing both left and right ventricular function prior to and following a CABG 
procedure (Nagueh et al, 1997; Alam et al, 2000; and Dokainish et al, 2004). Recent 
studies have suggested that LV systolic function after CABG is maintained, whereas 
LV diastolic function initially shows a slight improvement (Hedman et al, 2005), 
returning to pre-operative levels over time (Diller et al, 2008). This return to pre-
operative levels of function might be explained by a continued progression of 
coronary arterial disease. In contrast, in the right ventricle, short-term studies suggest 
that systolic and diastolic function may both be impaired immediately after surgery 
(Alam et al, 2003; and Hedman et al, 2004).  
 
Recent studies have demonstrated the occurrence of right ventricular dysfunction during, 
immediately after and one year after surgery (Hannan et al, 2005; Righetti et al, 1997; 
Dokainish et al, 2004; and Gaibazzi et al, 2005). However long-term follow-up data 
reporting the right ventricular function in much later years is still lacking.   
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The aim of this study was to elucidate selective changes in right ventricular velocities 
following CABG and to evaluate its relation to cardiopulmonary exercise capacity. In 
order to do this we analysed not only the absolute tissue Doppler velocities but also 
the ratio between RV and LV velocities. The purpose of this ratio was to attempt to 
correct for global cardiac impairment due to ongoing disease processes and to allow 
us to elucidate selective changes in right ventricular velocities of those who had 
undergone previous CABG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
210 
 
6.3 Methods 
6.3.1 Patient selection 
For this study we evaluated the clinical, transthoracic echocardiography and exercise 
testing with metabolic gas exchange measurement (cardiopulmonary exercise testing, 
CPX) records of outpatients who had undergone specialist heart failure testing and 
evaluation at St Mary’s Hospital, Imperial College NHS Trust. For each patient 
enrolled we established from clinical records whether the etiology was ischaemic and 
whether a CABG had been performed.  
6.3.2 Patients 
 
We evaluated the clinical records of 101 patients with stable chronic heart failure. The 
diagnosis of chronic heart failure was based on a history of dyspnoea and fatigue with 
signs of pulmonary congestion or peripheral oedema, and echocardiographic evidence 
of impaired left ventricular function (defined by a left ventricular ejection fraction ≤ 
50%). Exclusion criteria were the need for patients with lone atrial fibrillation, 
chronic lung disease, primary valvular disease, previous valve surgery, neuromuscular 
disease, CABG within the previous 12 months, or myocardial infarction within the 
previous 3 months. All 101 patients were on stable (i.e. > 1 month) optimal 
pharmacological treatment.  
 
Patients were then divided into three groups:  
CABG group:  
The first group consistent of 43 patients all of whom had chronic ischaemic heart 
failure and had previously undergone uncomplicated CABG at least one year before 
the study.  
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Ischaemic group: 
The second group consisted of 27 patients, all of whom had chronic ischaemic heart 
failure, who had a history of revascularization with percutaneous coronary 
intervention (PCI) but had not undergone previous CABG surgery. 
 
Non-ischaemic:  
The final group consisted of 31 patients confirmed by coronary angiography to have 
idiopathic cardiomyopathy. All had left ventricular systolic dysfunction < 50% and no 
regional wall motion abnormalities on echocardiography and no significant coronary 
stenosis confirmed at coronary angiography. 
 
 
 
 
6.3.3 Measurements and investigations 
6.3.3.1 Echocardiography 
Each patient had been scanned using conventional 2D, pulsed wave and tissue 
Doppler imaging techniques before and at least 12 months after surgery. Patients were 
placed in the left lateral decubitus position, where using an Vivid I system (GE 
Healthcare, Waukesha, WI) both parasternal and apical imaging windows were 
imaged using a S5-1, 3.5 MHz transducer at a mean depth of 16cm. Ventricular 
fractional shortening (FS) and left atrial dimensions were calculated from the 
parasternal imaging windows, while ventricular volume estimates, atrial area 
estimates, annular M-mode excursion, tissue Doppler imaging and pulsed wave 
Doppler velocities were calculated from the apical window. 
 
212 
 
Tissue Doppler echocardiography had been performed by experienced sonographers 
with standard apical 4-chamber views obtained. These were stored in digital format 
and subsequently analysed retrospectively by a single investigator who made the 
measurements naïve of the patient’s clinical data. Myocardial tissue Doppler peak 
systolic (S’), early diastolic (E’) and late diastolic (A’) velocities were measured (in 
cm/sec) with reference to the lateral and septal aspects of the mitral annular ring and 
the lateral angle of the tricuspid valve (Figure 1). RV:LV ratios were calculated for 
each patient. This is the ratio of the tricuspid annular velocity to the average of the 
septal and lateral mitral annular velocities (Figure 6-1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
213 
 
 
Figure 6-1 Pulsed wave tissue Doppler analysis of the right ventricle.  
Left – A tissue Doppler trace marking the S’ – systolic, E’ – early diastolic, and A’ – Late diastolic waves. Velocities were measured at the 
annulus of the right ventricle and the septal and lateral walls of the left ventricle at the mitral annulus.   
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Left ventricular ejection fraction (EF) was assessed from apical four chamber view 
using Simpson’s method. Right ventricular dimensions were taken in both minor and 
major axis positions. Dimension estimates were made in both parasternal long axis 
and short axis views. Right ventricular major axis cavity length, area, and volume, 
measurements were taken and ejection fraction estimates calculated. As an 
independent measure of right function, the myocardial performance (Tei) index was 
calculated for each patient. The isovolumetric relaxation time (IVRT), isovolumetric 
contraction time (IVCT) and ejection time (ET) were derived from tissue Doppler 
tracings (Gaibazzi et al, 2005; and Gondi et al, 2007). Tei index was calculated as 
(IVRT + IVCT) / ET. 
 
Ventricular filling was assessed using both trans-mitral and tricuspid PW Doppler 
sampled from the apical window. The PW Doppler sample volume was placed at the 
level of the mitral and tricuspid leaflet tips using the guidance of spectral colour 
Doppler.  All Doppler recordings were acquired during normal respiration, and were 
utilised to calculate the following variables: (a) E, A, E’, A’, and S’ velocities ,  (b) 
E:A / E:E’ ratios, (c) Estimated pulmonary artery pressures and (d) Triscuspid 
regurgitation dP/dt values.  
 
6.3.3.2 Cardiopulmonary exercise testing (CPX) 
 
Exercise testing was performed using a Medgraphics cardiorespiratory diagnostic system 
(Medstad, Canada) using a treadmill in a well air-conditioned room. A Bruce protocol was 
used, with the addition of a “stage 0,” consisting of 3 minutes at a speed of 1 mile per hour 
with a 5% gradient. We measured VO2, CO2 production, and minute ventilation using 
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breath-by-breath gas analysis with a heated calibrated pneumotachograph and respiratory 
mass spectrometer.  Peak VO2 (the highest value at end-exercise, as a 20-s average) and 
ventilatory efficiency on exercise (slope of the ventilation vs. VCO2 relation in its linear 
part) were then determined. 
A brachial blood pressure measurement was recorded while the patient was standing, 
before exercise, during exercise, and immediately after exercise, with the use of a mercury 
sphygmomanometer. Heart rate and ECG morphology were continuously monitored and 
recorded using a standard exercise 12 lead ECG cables. Patients were asked to exercise 
until they reached the peak of their physical endurance, and encouraged to continue 
exercising until there was evidence of anaerobic metabolism on gas exchange 
measurements. Events warranting cessation included chest pain, sustained arrhythmia, or a 
fall in systolic blood pressure by 20 mm Hg. None of the patients observed in this study 
reported any such events during their test. 
  
6.3.3.3 Invasive Investigations 
For the heart failure cohort, the etiology of the cardiomyopathy was determined with 
the aid of reports from previous coronary angiography and assessment of the 
echocardiogram. Those with evidence of significant atherosclerotic disease (>50% 
reduction of the luminal diameter in a major coronary artery or a major branch) were 
classified as ischaemic. Those with evidence of minimally affected coronary vessels 
were classified as idiopathic. In cases of uncertain significance of coronary lessions, 
the presence or absence of regional wall motion abnormalities on echo was used as 
the deciding factor.  
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6.3.4 Statistics 
Statistical analysis was performed using Statview 5.0 (SAS Institute Inc). Continuous 
data are expressed as mean ± standard deviation (SD). Comparisons between patients 
before and after surgery were made using Student’s paired t-test. Comparisons 
between subgroups were made using unpaired t-tests. A p value of <0.05 was 
regarded as significant. Because we were comparing the mean results of all three 
groups was conducted using an analysis of variance (ANOVA).  
 
6.4 Results 
6.4.1 Patient characteristics 
In this study, one hundred and one patients from St Mary’s Hospital, Imperial College 
NHS Trust were recruited. There were 82 males and 19 females. The mean age was 
66 ± 10.5 years. Of the 101 patients, 43 had a past history of CABG at 2-24 years 
previously (median = 10 ± 4 years). A further 27 patients had ischaemic heart failure 
without CABG, of which 17 had a history of revascularization with percutaneous 
coronary intervention. 31 of 101 cases had non-ischaemic cardiomyopathy with 
minimal coronary artery disease on angiography. Echocardiographic and tissue 
Doppler measurements are shown in Table 6-1, CPX cardiopulmonary exercise 
testing measurements are shown in Table 6-2. 
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6.4.2 Cross-sectional retrospective cohort: effect of CABG on relative 
RV:LV velocity ratio  
 
Patients with a history of CABG had a significantly lower RV:LV velocity ratio than 
those who did not (Figure 6-2). For peak systolic velocity (S’), the RV:LV ratio was 
32% lower in CABG patients compared to the non-CABG group (1.45 versus 2.11, 
p<0.001). For early diastolic velocity (E’), the RV:LV ratio was 39% lower in the 
CABG group compared to the non-CABG group (1.11 versus 1.83, p<0.001). For late 
diastolic velocity (A’), the RV:LV ratio was 37% lower in the CABG group compared 
to the non-CABG group (1.20 versus 1.90, p<0.001).  
 
When CABG patients were compared to the non-CABG patients with ischaemic 
etiology, a similar relative impairment was seen: by 25% in S’ (1.45 versus 1.92, 
p<0.001), 34% in E’ (1.11 versus 1.69, p<0.001) and by 38% in A’ (1.20 versus 1.92, 
p<0.002).  There were however no significant differences in the 2D dimension of the 
ischaemic CABG and ischaemic non-CABG groups: both left atrial size (24.1cm2 
versus 22.8cm2, p = 0.064) and left ventricular systolic dimensions (151ml versus 
146cm, p = 0.073) were larger in the CABG group.  
No significant differences were seen between the RV:LV ratio between the ischaemic 
non-CABG group and the non-ischaemic group (S’: 2.29 versus 1.92, p=0.12; E’: 
1.99 versus 1.69, p=0.33; A’: 1.99 versus 1.95,  =0.90).  
When the duration from CABG was considered relative to the RV:LV ratio, no 
significant differences were seen over different time periods, with similar levels of 
relative RV:LV impairment being seen between the 2 to 24 year period considered in 
this study.  
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6.4.3 Cardiopulmonary exercise testing (CPX) 
All three heart failure groups showed a depressed functional capacity and a greater 
ventilatory response than expected for normals. Overall the total cohort had a mean peak 
oxygen uptake of 14.98 ± 5.79 ml/kg/min, and a mean VE/VCO2 slope of 52.73 ± 23.37.  
Peak Vo2 was slightly higher in the Non-ischaemic DCM group than the Ischaemic and 
CABG groups (18.1±6.4 versus 14.4±6.7and 14.5±6.3 respectively, p=0.0134). In 
addition, the oxygen uptake efficiency slope of the (OUES) was also significantly higher 
in the non-ischaemic group compared to the ischaemic and CABG groups (1.77±07 versus 
1.29±0.82 and 1.25±0.63 respectively, p=0.039). All other measurements showed no 
significant differences between the surgical CABG and non-surgical groups.  
 
 
6.4.4 ANOVA testing 
ANOVA testing of all three means showed no statistical significance between the 
groups.  
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Table 1: Transthracic echocardiography demographics of retrospective cohort (n = 101)
Coronary Surgery Non coronary artery surgery
CABG Ischaemic p  value Non Ischaemic p  value
n 43 27 31
Age 69±8 67±8 0.44 59±13 0.0002
Sex (% male) 90% 75% 71%
LV EF % (Simpson's) 31±13 34±12 0.347 29±14 0.544
LV End Diastolic Vol (ml) 151±26 146±32 0.065 158±25 0.066
Trans Mitral E/A ratio 1.8±1.2 1.1±0.8 0.06 1.1±0.4 0.12
TDI E/E' Ratio (Septal) 16.8±4.3 15.6±4.2 0.88 14.9±6.4 0.16
RV EF% 52±10.5 51±11.4 0.54 49.4±12.4 0.33
TAPSE (cm) 1.1±0.4 1.8±0.8 0.00 1.7±0.4 <0.0001
SAPSE (cm) 0.7±0.3 0.63±0.5 0.25 0.71±0.4 0.38
Left Atrial Area (cm²) 24.1±4.0 20.3±3.6 0.06 23.1±4.8 0.30
RV Tei Index PW TDI 0.08±0.03 0.05±0.02 0.00 0.06±0.01 0.00
Est PAP (mmHg) 25.4±11.1 22.4±13.2 0.57 23.1±11.4 0.53
PW Tissue Doppler
Right Ventricle (cm/s)
E' 4.9±2.6 7.6±3.8 0.0001 8.0±4.3 <0.0001
A' 5.8±3.3 10.0±5.3 0.001 9.2±5.4 0.0004
S' 5.9±2.2 8.7±3.2 0.0001 9.0±3.5 0.002
Left ventricle (cm/s) average septal + lateral
E' 4.9±1.8 4.9±2.1 0.2370 4.4±1.8 0.6370
A' 4.9±2.0 6.0±2.7 0.9370 4.9±2.5 0.3050
S' 4.3±1.8 4.7±1.5 0.0710 4.1±1.2 0.0962
RV:LV ratio (cm/s)
E' 1.1±0.6 1.7±0.9 0.0009 2.0±0.9 <0.0001
A' 1.2±0.6 1.9±1.2 0.001 1.9±1.2 0.0002
S' 1.5±0.5 1.9±0.6 0.002 2.3±0.9 0.0001
Echocardiography measurements of heart failure cohort. Results expressed as value ± standard deviation with p values relative to CABG group
 
Table 6-1 Echocardiography measurements of the heart failure cohort 
Results are expressed as value ± standard deviation with P values relative to CABG group 
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Table 2: MVO2 exercise demographics of retrospective cohort (n=101) 
Coronary surgery No coronary artery surgery
CABG Ischaemic p value Non Ischaemic p value
n 43 27 31
Age 69±8 67±8 0.44 59±13 0.0002
Sex (% male) 90% 75% 71%
BMI (Kg/m2) 29.2±5.9 27.2±3.7 0.253 26.9±6.1 0.933
FVC 2.5±0.8 2.5±0.8 0.962 2.6±1.1 0.852
FEV1 1.8±0.53 1.9±0.7 0.504 2.1±0.9 0.187
FVC (% predicted) 58±20 62±25 0.537 68±27 0.411
FEV1 (% predicted) 57±20 69±27 0.374 68.9±28.7 0.214
VO2 (ml/kg/min) at anaerobic threshold 10.3±5.4 8.1±4.7 0.135 11.2±5.5 0.329
VE/VCO2 slope 62.8±40.5 51.9±24.5 0.417 44.1±16.5 0.111
OUES (l/min) 1.25±0.63 1.29±0.82 0.788 1.77±0.7 0.039
Rest HR (bpm) 78±16 76±14 0.651 79±16 0.998
Rest Systolic (mmHg) 113±35 129±28 0.159 127±22 0.176
Rest Diastolic  (mmHg) 72±11 78±11 0.199 81±15 0.029
Rest SpO2 97.9±1.8 97.3±1.1 0.732 97.9±1.8 0.099
Rest RER 0.74±0.12 0.78±0.1 0.244 0.79±0.14 0.574
∆ Sp02 1.9±2.4 1.9±2.5 0.989 1.9±2.5 0.989
Peak HR 129±22 127±26 0.718 137±19 0.278
Peak Systolic  (mmHg) 152±98 149±42 0.585 158±34 0.517
Peak Diastolic  (mmHg) 74±11 77±14 0.459 85±18 0.0612
Peak SpO2 94.4±2.5 94.9±2.8 0.998 95.7±3.3 0.0156
Peak RER 0.93±0.24 1.0±0.2 0.263 0.98±0.2 0.741
Peak VO2 (ml/kg/min) 14.5±6.3 14.4±6.7 0.816 18.1±6.4 0.0134
Precent predicted peak VO2 % 57±24 54±25 0.421 75±44 0.068
Exercise MVO2 measurements of heart failure cohort. Results expresseed as value ± standard deviation with p  values relative to CABG group
 Table 6-2 Cardiopulmonary exercise (CPX) measurements of the heart failure cohort 
Results are expressed as value ± standard deviation with P values relative to CABG group 
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Figure 6.2 Difference between ischaemic and non-ischaemic groups 
Ratio between left and right ventricular peak systolic S’, early diastolic E’ and late diastolic A’ velocities. RV velocities are significantly reduced 
in the CABG group compared to the ischaemic and non-ischaemic groups who have not had coronary artery surgery. There is no significant 
difference between the ischaemic and non- ischaemic groups.    
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6.5 Discussion 
In this study we found a significant and selective impairment of the right ventricle 
following coronary artery bypass graft surgery. Not only was there an absolute 
reduction in right ventricular tissue Doppler velocity, but also a reduction in the 
RV:LV tissue Doppler ratio, indicating that this is not a manifestation of global 
myocardial injury. Furthermore this study, in which the median date from CABG is 
10 years, suggests that the effects of such surgery on the right ventricle velocities may 
be permanent.  
 
In agreement with the findings in Chapter 3, the selective reduction in myocardial 
velocities cannot plausibly be attributed to simple progression of global heart disease, 
ischemia or otherwise. Within the non-CABG heart failure group, the non-ischaemic 
and ischaemic patients had the same RV:LV ratio. However, within the ischaemic 
etiology heart failure group, the CABG patients had a lower RV:LV ratio than the 
non-CABG patients.  
 
Furthermore, the results within this study allow us to confirm the findings of previous 
groups who showed that right ventricular function is not directly related to exercise 
capacity despite all three groups showing depressed functional capacity and a greater 
ventilatory response. 
 
6.5.1 Tissue Doppler and ventricular function 
Assessment of right ventricular function by conventional 2D echocardiography can be 
both subjective and challenging. This is in part due to the anatomy of the RV: its 
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shape and volume dependence, and its complex motion during the cardiac cycle where 
rotation around the long axis is accompanied by contractions along the long and short 
axes. By adjusting the pulsed wave sample so it is in line with the right ventricular 
longitudinal excursion plane, tissue Doppler can estimate right ventricular long-axis 
function by assessing the low frequency, high amplitude motions of the tricuspid 
annulus against the stationary apex (Hammarstrom, et al, 1991). This has been 
demonstrated to be an accurate correlate of radionucleotide-determined right 
ventricular ejection fraction (RVEF)(Meluzin et al, 2001). 
Although the right ventricular performance may contribute to some degree to global 
cardiac performance in individual with preserved left ventricular function, right 
ventricular function appears to be especially important in patients with severe heart 
failure and consequently should be considered during clinical management and 
treatment (Polak at al, 1983 and Di Salvo at al, 1995). 
 
 Tissue Doppler is also highly reproducible (~5% inter-observer variation, Alam et al, 
1999) and easily integrated into existing echocardiography protocols. In the context of 
ischaemic heart disease, where longitudinal left ventricular function declines before 
circumferential function on conventional 2D echocardiography, tissue Doppler may 
be particularly useful in revealing myocardial hibernation before such dysfunction is 
evident on 2D echocardiography (Henein et al, 1993). 
 
6.5.2 Is right ventricular impairment selective after CABG? 
A selective impairment of the right ventricle after CABG was first suggested over 20 
years ago (Christakis et al,1985). Subjective analyses showed an impairment of right 
ventricular filling, contraction and overall function during surgery itself, and persisted 
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immediately following surgery. This impairment was seen irrespective of whether 
cardiopulmonary bypass was used and despite use of newer techniques of myocardial 
protection (Brookes et al, 1998).  
 
More objective quantification has been obtained through the use of tissue Doppler. 
Right ventricular myocardial velocity reduction occurs immediately after CABG, and 
has not been shown to recover to pre-operative levels over the 18 months studied thus 
far (Diller et al, 2008). In a single study, there was a small improvement in tricuspid 
systolic velocities 1 year post-CABG (9.7 cm/s) compared to 1 month (8.7 cm/s) and 
3 months (8.7 cm/s) post-CABG (pre-operative = 11.8 cm/s) (Alam et al, 2003). It 
was hypothesised that this might be due to recovery of ‘stunned’ myocardium 
implying right ventricular impairment may be a relatively short-lived phenomenon. 
These findings have not been reproduced elsewhere. However in this study right 
ventricular function, as assessed by annular velocities, does not improve during the 
follow-up period as from the 43 patients had undergone CABG at least 2 to 9 years 
after. We found no correlation between the degree of right ventricular velocity decline 
and the time since surgery, i.e. there was no evidence of improvement after the first 
year following CABG. In fact the dysfunction one year after the surgery is evident, 
stable and permanent.  
 
6.5.3 Clinical impact of impaired right ventricular function  
This is not a survival study as it reports the effect of coronary artery bypass surgery 
on right ventricular velocities. Other workers have identified the relationship between 
poor right ventricular function and adverse clinical outcomes, particularly in heart 
failure patients. Low tricuspid annulus acceleration, low right ventricular systolic and 
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diastolic velocities, are all positively correlated with an increased risk of cardiac death 
or hospitalisation (Meluzin et al, 2005 and Dokainish et al, 2007). The presence of all 
three features results in a 6-fold increase in the relative risk of hospitalisation or 
cardiac death (Meluzin et al, 2005).  
 
Clinical impact of right ventricular dysfunction may be difficult to elucidate in post-
CABG patients where the beneficial effects of a global revascularization procedure on 
left ventricular function may mask any adverse effects of right ventricular 
impairment. Three months post-CABG, exercise capacity improves in spite of a fall in 
right ventricular systolic and diastolic velocities (Hegman et al, 2004). This does not 
mean that this decline in right ventricular longitudinal velocities is harmless. Nor 
should we assume that it is unavoidable.      
 
6.5.4 Potential mechanisms 
Although a well-known phenomenon, no clear cause for right ventricular dysfunction 
post-CABG is widely accepted. Initial theories suggested right ventricular 
hypoperfusion during cardioplegia (Boldt et al, 1990; Lajos et al, 1993; and 
Christakis et al, 1996), particularly in situations where there was severe right coronary 
artery disease and poor retrograde filling of RV territories (Allen et al, 1995; and 
Honkonen et al, 1997), may be contributing to RV impairment. However, the findings 
from these studies were conflicting and no consensus was ever reached. Data from 
Chapters 3,4 and 5 show that right ventricular velocities decrease irrespective of the 
underlying pathology and even when off-pump CABG is used showing that these 
changes are independent of cardioplegia techniques (Unsworth et al, 2010). Another 
theory considered was the development of pericardial adhesions impairing ventricular 
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filling. Again this is not a plausible explanation because the decrease in RV velocities 
in these works and others in patients following cardiac surgery so rapid (Unsworth et 
al,2010), therefore an intervention to prevent adhesion formation seems unlikely to 
preserve velocities (Lindstrom et al, 2000).  
It is possible that the thin-walled RV may be more susceptible to inflammation or 
effusions post-surgery. These may result from local tissue damage, or from a systemic 
inflammatory response, both known to occur during CABG (Velissaris et al, 2004 and 
Davidson et al, 2008). Other theories, such as peri-operative temperature variations 
and the deleterious effects of pericardial disruption on right ventricular filling and 
function are plausible, but seem unlikely given the findings of Chapters 3,4 and 5 
which clearly demonstrated changes so early on in the operation, specifically at the 
time of pericardial opening. 
 
6.5.5 Cardiopulmonary exercise resilience following CABG 
The functional exercise capacity and greater ventilatory response was depressed in all 
three groups. It is difficult however to ascertain the precise cause of this abnormal 
response. The dissociation between resting left ventricular function and peak aerobic 
capacity in patients with chronic heart failure was reported in the 1980s. Franciosa 
(1981) studied 21 patients with congestive heart failure and compared treadmill 
exercise duration with resting echocardiographic variables such as; left ventricular 
ejection fraction, left ventricular end diastolic dimensions and fractional shortening 
(Franciosa et al, 1981). When compared with normal subjects both exercise tolerance 
and echocardiographic parameters of left ventricular function were significantly 
abnormal, however they found that exercise tolerance was totally unrelated to the 
findings of the resting echocardiogram. Subsequently, peak functional capacity, as 
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measured by peak oxygen uptake, was found to be independent of peak left 
ventricular performance attained at peak exercise (Maskin et al, 1983). More recently 
Witte et al. have shown that there is no correlation between right ventricular function 
indices and exercise capacity (Witte et al, 2004).  It has been proposed that heart 
failure is a vicious cycle and that peripheral changes during exertion contribute to the 
exercise intolerance symptoms which in turn lead to physical deconditioning and a 
further deduced exercise capacity (Coats, et al 1994).   
We should also take into account the complex patho-physiological changes which develop 
in response to a significant reduction in cardiac function, including activation of the atrial 
natriuretic peptide and sympathetic nervous system, and renin-angiotensin-aldosterone and 
vasopressin release. This could help explain why all three groups, who had similar degrees 
of left ventricular impairment, showed no difference in exercise capacity, even more so in 
the CABG group where right ventricular annular velocities were significantly reduced. 
Both Peak VO2 and oxygen uptake efficiency slope of the non-ischaemic idiopathic 
cardiomyopathy group was significantly higher than that of the ischaemic and CABG 
groups. This difference could be explained as neither these two measurements are age 
matched unlike most other CPX variables. The mean age of the non-ischaemic group was 
significantly lower than that of the ischaemic and CABG groups (59±13 years versus 67±8 
and 69±8 respectively, p=0.0002).  In addition, the non-ischaemic group have isolated left 
ventricular dysfunction while the ischaemic and CABG groups endure both reduced left 
ventricular function and underlying ischaemia.  
Overall these findings suggest that this objective measure of exercise capacity and exercise 
function identified no difference between those patients who had undergone previous 
CABG surgery and those who had isolated ischaemia or idiopathic left ventricular 
dysfunction.     
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6.5.6 Study Limitations 
Although retrospective studies are often criticized, this study has allowed us to assess 
the right ventricular velocities in patients who had undergone surgery many years ago. 
The data presented in chapters 3,4 and 5 have all shown prospective immediate intra-
operative and short term data, which combined, have allowed me to identify the 
precise time-point that marks the onset of right ventricular velocity decline, the affect 
of full pericardial opening on both immediate intra-operative and short term data, and 
measure the effect a staged full pericardiotomy has on pericardial restraint and intra-
cavity pressures.  In this final chapter, we have shown that the reductions which are 
seen so early on during surgery are likely to be permanent, since they are readily 
detectable in patients 10 years after their operations.     
While the analysis of tissue Doppler velocities has high reproducibility and correlates 
very well with other assessments of RV function, measuring this at a single point, and 
LV function with two sample points, represents a limited assessment of ventricular 
function. This can be particularly true in ischaemic cardiomyopathy, where areas 
which are scared following infarction often have reduced velocities which are not 
necessarily representative of global LV function.  
Pulmonary and systemic conduction catheters are frequently used to assess and 
construct pressure volume loops. Each conduction catheter has a high-fidelity pressure 
sensor that contains electrodes which measure electrical conductance. This 
instantaneously converted to calculate chamber volume (Bleeker et al, 2006).  
Clinically right ventricular conductance studies are much more technically 
challenging than left ventricular studies due to the difficulty in obtaining reliable 
volumes. 
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6.6 Conclusions 
In this chapter I have shown that even within a cohort of fragile heart failure patients 
there is a marked, selective and seemingly permanent impact on the reduction of right 
ventricular annular velocities after CABG surgery. Like the findings of my previous 
intraoperative prospective studies, this reduction cannot be explained by a 
manifestation of ischaemic heart disease, because even the patients with ischaemic 
heart disease who have never undergone CABG surgery do not manifest this selective 
impairment. This study has also shown that even within such a frail cohort of patients, 
in which there is a wide range of right ventricular velocity measurements, I was 
unable to identify any significant changes in pulmonary exercise capacity related to 
right ventricular velocities. 
What this study has shown is that the changes in right ventricular velocities which are 
seen following CABG are still present in patients who underwent surgery more than a 
decade ago, but that the adverse impact on exercise capacity, if any, is not large.   
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7.0 Synthesis 
 
Right ventricular function is routinely assessed by measuring the myocardial velocity and 
excursion of annular motion during both systole and diastole. It is well known that there is 
significant reduction in right ventricular annular velocities and excursion in patients 
following cardiac surgery, but the precise cause of this post operative phenomenon 
remains unknown despite there being a number of proposed mechanisms. The aim of this 
thesis was to reduce the number of hypotheses and increase our understanding of this 
postoperative anomaly. 
We carried out observational studies in patients with a number of different isolated 
pathologies (i.e. cardiac and non-cardiac) who were referred for surgery at St Mary’s 
Hospital, Imperial College NHS Trust. 
We observed the effect these operations had on right ventricular function using a variety of 
invasive and non-invasive techniques. In addition, we were able to collect a large majority 
of our intra-operative data using unique methods which made a substantial contribution to 
the findings of this thesis.  
7.1 Chapter 3: The right ventricular annular velocity 
reduction caused by CABG surgery occurs at the moment 
of pericardial incision.    
 
In Chapter 3 we sought to identify in those patients undergoing CABG surgery the precise 
time-point at which right ventricular myocardial velocities begin to fall. The identification 
of this time-point allowed us to automatically exclude proposed injuries that occur after 
surgery and make the number of proposed injuries that occur long before appear less 
plausible. Intra-operative transoesophageal echocardiography was used to continuously 
record minute-by-minute right ventricular myocardial velocities through the course of the 
operation. Using this unique method of we were able to identify that virtually all of the 
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reduction in right ventricular myocardial velocity decline seen during coronary surgery 
occurs at the time of pericardial incision.  
In addition, we also examined the distinction between off-pump procedures (i.e. no 
cardioplegia) versus on-pump procedures (anterograde crystalloid cardioplegia) by 
assessing pre and post operative transthoracic echocardiogram data and discovered that 
off-pump surgery affected right ventricular myocardial velocities just as much as on-pump 
surgery did. In fact, the fall in velocities occurs at such an early stage of the operation, at 
pericardial opening, and with such consistency, that other factors such as sternal opening, 
the presence of significant right coronary artery disease, inadequate myocardial 
hypothermia and an increased in localised atmospheric temperature are not a major factor 
as they occur long after this velocity reduction occurs.  
7.2 Chapter 4: Cardiac surgery related decline in right 
ventricular long axis velocities critically dependent on full 
pericardial opening.  
 
Having indentified that virtually all of the right ventricular long axis reduction seen 
during CABG surgery occurs at the time of pericardial opening, in Chapter 4 we 
sought to study not only patients referred for CABG via a traditional mid-line 
sternotomy, but also patients undergoing minimally invasive robotic assisted coronary 
surgery (RCABG) via a left sided mediastinoscopy; patients undergoing isolated 
aortic valve replacement (AVR) via a full sternotomy; patients having minimally-
invasive AVR surgery (mini-AVR) via minimal sternotomy; and patients who 
underwent mediastinal mass excursion via left sided mediastinal sternotomy. 
In this study we showed that in those patients who underwent minimally invasive 
cardiac surgery (RCABG and Mini-AVR) which only require a very small pericardial 
incision, showed no change in their right ventricular long-axis velocities. In contrast, 
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those who underwent cardiac surgery via a traditional sternotomy (CABG and AVR) 
which require full pericardial opening, showed an immediate reduction in right 
ventricular long-axis velocities at the time of pericardial incision.  
Even in those in whom the surgical approach was converted mid-way through the 
operation, from minimal to traditional access, there was no change in their myocardial 
velocities up until the time-point of full pericardial opening during access conversion. 
Furthermore those who underwent thoracic non-cardiac surgery, where the sternum 
was opened however the pericardium was left intact, showed no reduction in 
velocities.  
This study showed that the link appeared to lie with full pericardial opening following 
a traditional mid-line thoracotomy. In these patients the reduction occurred at the 
same time-point and to approximately the same extent regardless of the underlying 
pathology and reason for surgery. In contrast, it did not occur in patients in whom the 
pericardium is not fully opened.  
7.3 Chapter 5:  Progressive loss of RV velocities and 
pericardial support pressure during stepwise 
pericardiotomy in humans undergoing CABG.   
 
Although I showed in both Chapter 3 and 4 that there is a clear fall in right ventricular 
long-axis velocities immediately after the pericardium has been opened, the precise 
mechanism still remained unknown. In Chapter 5, we next sought to first measure the 
amount of support the pericardium provides the right ventricle and second identify to 
what degree the pericardium could be incised before this level of support started to 
decline. In this study we observed patients referred for routine CABG only, where full 
pericardial opening would be surgically necessary. We broke down the traditional ‘T-
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shaped’ pericardiotomy into three stages: upper half of vertical incision, lower half of 
vertical incision and final, transverse incision.  
In order to assess the loss of pericardial support we measured intrapericardial 
mechanical pressure using a flat fluid-filled balloon placed directly over the right 
ventricle. We simultaneous recorded intra-operative transoesophageal right 
ventricular velocities and intra-cardiac pressures. Results showed that precise onset of 
right ventricular myocardial velocity decline developed during the lower half of the 
vertical pericardial incision while pericardial support pressures reduced during the 
final, transverse incision. 
This study demonstrated that the pericardium provides substantial support which is 
still measurable locally until the pericardium at that site is removed suggesting this 
support is predominantly mechanical, i.e. dependent on a broad surface exerting force, 
and not hydrodynamic, i.e.it is independent of pericardial fluid.       
7.4 Chapter 6:  Selective and permanent RV long-axis 
decline following coronary artery bypass surgery in 
patients with chronic heart failure 
 
In Chapter 6, we aimed to explore the effects of CABG surgery on relative left and 
right ventricular activity and its relation to exercise capacity years after surgery. In 
this study we looked for specific right ventricular impairment in a cross-sectional 
cohort of heart failure patients who had undergone CABG and compared this group 
with other heart failure patients who had not. The non-CABG cohort contained 
patients with either ischaemic or non-ischaemic aetiology. This allowed us to 
calculate the relative changes on relative RV:LV velocity ratio. In this non-invasive 
retrospective study we showed a significant and selective reduction in myocardial 
long-axis RV:LV ratios in those who had CABG surgery. In addition, the duration 
234 
 
from CABG was 2- 25 years (median 10 years) which suggests the effects of surgery 
on RV:LV ratios may be permanent. There was however, no significant difference 
between the RV:LV ratio between the ischaemic non-CABG group and the non-
ischaemic group. We also found that there were no significant differences in the 
exercise capacity between the three groups.  
 This analysis suggests that the reduction in RV myocardial velocities following 
CABG surgery is seemingly permanent, lasting  at least 10 years, and that this 
reduction does not seem to be link to reduced exercise capacity.  
 
7.5 Study limitation 
 
This entire body of work is a series of observational studies which in principle might 
have been criticised for not being gold standard randomised control trials. 
Observational studies can be affected by unrecognised confounding factors, leading to 
unrepresentative results. However our results are so consistent it seems improbable 
that fall in right ventricular myocardial velocities is not caused by full pericardial 
opening. 
This work focused heavily on the use of pulsed wave tissue Doppler to assess right 
ventricular annular velocities. We could therefore question the significance of these 
findings. The reduction in ventricular long axis velocities are reported to correlate 
with impaired 2D ventricular function (Galiuto et al, 1998; Garcia-Fernandez et al, 
1999; Meluzin et al, 2001; Alam et al, 2003; and Galderisi et al, 2005). However, I 
have shown in my thesis that many other measures of ventricular function including 
ejection fraction, stroke volume, and pulmonary pressures do not reduce following 
surgery. Therefore, even though there is a dramatic and consistent reduction in 
myocardial velocity this occurs without any apparent change in ventricular function. 
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Even if this is the case, i.e. no harm to the patient, the impact of cardiac surgery on 
right ventricular velocities is worth knowing because right ventricular function is 
often measured and commented on.  
Tissue Doppler is widely used because it is considered to be an accurate and 
reproducible method of noninvasively measuring right ventricular function in both 
transthoracic and transoesophageal echocardiography (Bleeker  et al, 2006). In this 
work I showed that pulsed wave tissue Doppler is reproducible and accurate up until 
the moment the pericardium is fully opened, where right ventricular long axis 
velocities instantly fall while other markers of right ventricular function remain 
unchanged.  
Right ventricular geometry is complex but it is dominated by motion in the long axis, 
tissue Doppler is a good mode of assessment. However it is not clear whether long 
axis motion changes in patients who have undergone cardiac surgery and further work 
using strain rate, strain rate and 3D echocardiography could be helpful in determining 
theories of geometric shift , isolated impairment of more distal myocardial territories 
and detailed global assessment of chamber size and function.   
MRI may initially seem attractive as an attempt for assessing the right ventricle’s 
complex shape, size and motion by. A pilot MRI scan was conducted using SPAMM 
(SPAtial Modulation of Magnetization) tagging analysis which we hoped would 
identify changes in right ventricular post-operative longitudinal and transverse 
contraction. This preliminary scan, performed on me, was physically challenging 
because data acquisitions demanded breath holds exceeding 20 seconds within a 
protocol which lasted more than one hour. More importantly it was disappointing in 
data acquisition as the aim of conducting an additional MRI study was to focus on 
those patients who had undergone CABG via a mid-line sternotomy, and therefore full 
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pericardial opening, before and surgery. However, sternal wires produce a significant 
amount of artefact over the tricuspid annulus and the thinly structured basal right 
ventricular wall. This would be made SPAMM tagging difficult, especially in the very 
areas we were interested. Because it was not plausible for this method of imaging to 
assist us in understanding more about right ventricular velocity decline, we did not 
make patients undergo this test.  
The decision in Chapters 3, 4 and 5 to select a 1 month follow up transthoracic 
echocardiogram is unlike that of previously published studies where scans were 
conducted at longer intervals, such as18 months after surgery (Diller et al, 2008). The 
aim of my work was to identify precisely changes which occurred within surgery 
itself, data which is novel and answered a question which had been previously 
unanswered. The decision to select 1 month does not weaken our findings as the 
trajectory of post operative right ventricular function has been well documented 
(Alam et al, 2003 and Diller et al, 2008)      
In Chapter 6, I looked in a novel way, to assess the changes in pericardial systolic 
pressure during a staged pericardiotomy. We were able to recruit seven patients who 
consented to having pericardial pressure monitoring carried out during a staged 
pericardial opening. It was more difficult to recruit for this study because patients felt 
uncertain, but findings were consistent in all cases: pressure decline was noted at the 
time of the final, transverse incision. Until now pericardial pressure studies have 
primarily been conducted on canine models, without underlying coronary artery 
disease, in a controlled and calm environment. To our knowledge the recording of 
pericardial support pressures during staged pericardial opening is a new technique that 
is not mentioned in current research literature, and certainly its application to humans 
undergoing coronary bypass surgery is novel.   
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The analysis of echocardiographic data was carried out by a single operator. We 
tested only two components of reproducibility, intra-observer and inter-observer 
variability. Observer testing occurred between two independent experienced 
operators, and it is probable that with more observers we would have demonstrated 
more variability. Furthermore, as a single independent operator recorded all of the 
intraoperative measurements and it is possible that we have underestimated the 
difficulty in recording peri-procedural transoesophageal tissue Doppler velocities. 
This may contribute to some variability of echocardiography variables but it also 
reflects the autonomy of performing transthoracic and transoesophageal 
echocardiograms in real life practice.  
 
7.6 Discussion 
 
Regardless of the underlying pathology, we have a clear and consistent relationship 
between the instantaneous decline in right ventricular velocity to the moment of full 
pericardial opening. These immediate changes occur in those (and only those) where 
the pericardium is opened fully. Furthermore, we now have a more detailed 
understanding of the substantial and localised mechanical support provided by the 
intact pericardium.  
Annular velocities and excursion are routinely recorded in echocardiography to assess 
right ventricular function, but my thesis shows that following pericardial opening 
these annular parameters behave differently to all other echocardiographic variables, 
and intraoperative pulmonary haemodynamic measurements which show no change. 
This suggests that although myocardial velocities are sensitive for assessing right 
ventricular dysfunction they may not be specific for it. Moreover, there must be other 
factors responsible for the selective reduction in RV long axis velocities. One possible 
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mechanism could be that the complete removal of all anterior pericardial support, 
following full pericardial opening, causes the heart to suddenly change position.  
It is possible that even a small geometric change could alter the plane at which RV 
long axis fibres continue to contract. Tissue Doppler can only quantify velocity 
vectors which are parallel to the transducer and is limited by an inherent inability to 
appraise regions which are nonparallel. Any sudden change in the angle at which the 
annulus or RV free wall moves during systole would have an immediate and 
significantly affect on the accuracy of both tissue Doppler velocities and annular 
plane systolic excursion measurements. This could explain why annular parameters 
behave so differently compared to all other echocardiographic variables, 
intraoperative haemodynamic measurements and cardio pulmonary exercise findings 
which show no change in those patients who have undergone surgery where the 
pericardial was fully opened. Furthermore, as it is not standard clinical practice to 
close the pericardium, any change in RV annular positioning which may have 
occurred at the beginning of the operation following full pericardiotomy would not be 
corrected prior to sternal closure, which could also explain the seemingly permanent 
reduction in RV myocardial velocities following CABG surgery.  
Nevertheless, these velocities are frequently measured and their decline at the time of 
surgery is often remarked on and the mechanism sought after. 
 
7.7 Conclusion 
 
Right ventricular long axis velocities and excursion are approximately halved by full 
pericardial opening, while all other parameters are not. My thesis provides a means of 
avoiding misinterpreting this decline. 
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It would be advisable for operators assessing right ventricular long function in 
patients who have previously undergone cardiac surgery where the pericardium has 
been opened fully i.e. traditional mid-line thoracotomy, to accordingly adjust their 
expectation of both PW TDI and TAPSE reliability and normality, and an alternative 
methods of assessing right ventricular function should be implemented. However, 
operators measuring right ventricular long axis function in patients who have 
previously undergone minimally invasive cardiac surgery where the pericardium is 
only partially opened or left intact, i.e. Cosgrove or Robotic CABG, should not expect 
to see reductions in post operative right ventricular annular velocities and TAPSE 
measurements as these should not decline in patients who have undergone these types 
of operations. Therefore, unlike patients whose pericardium was opened fully, right 
ventricular annular velocity and TAPSE measurements in patients following 
minimally invasive cardiac surgery remain reliable methods of assessing right 
ventricular long axis function and any post operative reductions in these patients 
should be considered as genuine and alert operators accordingly. These findings 
emphasise the importance of establishing the exact nature of cardiac surgery, 
specifically the method of sternal opening, in all patients receiving post-operative 
echocardiography examinations.    
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8.0 Appendix I 
 
8.1 Pilot MRI scan using SPAMM  
 
A pilot MRI scan was conducted using SPAMM (SPAtial Modulation of 
Magnetization) tagging analysis which we hoped would identify changes in right 
ventricular post-operative longitudinal and transverse contraction (Figure 8.1). This 
preliminary scan, performed on me, was physically challenging because data 
acquisitions demanded breath holds exceeding 20 seconds within a protocol which 
lasted more than one hour.  
More importantly the acquired data were disappointing because it became clear that 
even in a healthy subject we were unable to extrapolate the contraction information 
we needed. Initially, we had hoped that an additional MRI study on CABG patients 
who had undergone surgery via a mid-line sternotomy, and therefore full pericardial 
opening, before and surgery would reveal a change in RV longitudinal and transverse 
contraction which might help to explain the sudden reduction in long axis tissue 
Doppler velocities seen during the intraoperative TOE studies. In addition, we also 
discovered that sternal wires produce a significant amount of artefact over the 
tricuspid annulus and the thinly structured basal right ventricular wall. This would 
make SPAMM tagging difficult, especially in the very areas we were interested.  
Because it was not plausible for this method of imaging to assist us in understanding 
more about right ventricular velocity decline, we did not make patients undergo this 
test.  
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8.2 Ongoing work 
 
From this work we showed that right ventricular annular velocities reduced by 
approximately 50% in all patient who underwent surgery at precisely the moment the 
pericardium was fully opened. Recent ongoing studies in this area of interest have led 
me to investigate the findings of 15 intraoperative studies  
In study three we recorded right ventricular myocardial velocities from two different 
sample positions: first, from the original sample position, and second from an anterior 
sample position achieved by steering (twisting) the handle of the TOE probe anti-
clockwise.  
From the original Doppler sample position we continuously recorded right ventricular 
long axis velocities from the beginning to the end of the operation. As expected, there 
Figure 8-1 Pilot MRI scan of right ventricle 
 
Images taken from the pilot MRI study on me. We had hoped that SPAMM (SPAtial 
Modulation of Magnetization) tagging analysis would identify changes in right ventricular 
post-operative longitudinal and transverse contraction.  
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was an instantaneous decline in right ventricular velocities immediately after full 
pericardial opened which remained depressed throughout the entire operation.  
However, after the pericardium was opened the sample position was moved anteriorly 
by steering the handle of the TOE probe anti-clockwise. From this new sample 
position we were able to record right ventricular annular velocities that replicated the 
velocities recorded from the original, pre-pericardiotomy, sample position i.e. 
velocities before the pericardium was opened fully. By carefully alternating between 
the original sample position and the new more anterior sample position, using anti-
clockwise steer (twist), we recorded two separate velocities (Figure 8.2) 
From the 15 patient’s that we observed using this two sample position technique, we 
found that in all 15 cases the new anterior sample position recorded velocities similar 
to that of the original sample position while the pericardium was intact. 
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Figure 8-2:  Intraoperative Transoesophageal data f om two sample points 
Intraoperative TOE of right ventricular tissue Doppler S’ velocities during coronary artery bypass surgery.  Two sample points are shown: 
solid black (the original Doppler sample position) and black and white (an anterior Doppler sample position). Following full pericardial 
opening there is an instantaneous decline in right ventricular long axis velocities sampled from the original pulsed wave Doppler position 
(black). However, from the anterior pulsed wave Doppler sample position (Black and white) long axis velocities replicate those recorded 
from the original pre-pericardiotomy sample position.   
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8.2.1  New findings and new limitations  
8.2.1.1 Transoesophageal limitations at this stage 
Although these findings demonstrated that velocities similar to those recorded pre-
pericardiotomy could be replicated by rotating to the probe to a new position, the 
precise coordinates  of this new Doppler sample position, i.e. number of degrees that 
the handle of the probe was ‘twisted’ to obtain these similar velocities, remained 
unknown. This is because the software on the TOE machine is unable to provide 
geometric reference points as to the position of the probe as the operating handle is 
manually steered by the operator.  
8.2.1.2 Solution 
The only way in which we could pinpoint the precise position of the new anterior 
sample point was to use a motion tracking system that could be attached to the probe 
and record its coordinates during the course of an operation while alternating between 
sample points.  
 
8.3 Polhemus Liberty Motion tracking system 
 
In recent pilot study, we recorded right ventricular myocardial velocities again from 
two different sample position but also recorded the coordinates of the TOE probe 
using a Liberty motion tracking 3SPACE® system (Polhemus LTD). The Liberty 
system calculated the orientation, location and positioning information in relation to 
its coordinate system. This geometric tracking system is capable of mapping and 
displaying coordinates: x - azimuth ψ (pointing forward), y - elevation θ (pointing 
right) and z – roll φ (pointing down) (Figure 8.3). All units are displayed and recorded 
to the nearest degree.  
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The electromagnetic trackers use the attenuation of oriented electromagnetic signals 
to determine the absolute position and orientation of a tracker relative to a source. The 
source contains three orthogonal coils that are pulsed in rotation. A pulse is 
transmitted from the coils using a radio frequency electromagnetic signal that is 
detected by a sensor. Similarly, the sensor also contains three orthogonal coils. The 
signal strength and also distance between these source and the sensors can be 
calculated and therefore the precise location of the sensor in relation to the fixed 
source.  
By attaching the mapping sensor to the handle of the TOE probe were able to 
calculated that the mean anterior position was -56.3±11.8° from the original sample 
position (Figure 8.4).  
The mapping of probe positioning is a novel and exciting concept and as far as we are 
aware there is currently no reference in the literature where probe coordinates have 
been mapped using this method of tracking. 
In reference to the findings of my thesis the Polhemus tracking system has allowed us 
to pin-point the precise coordinates of a new sample position where velocities can be 
replicated to those sampled before the pericardium was opened.  
Although we cannot be certain whether the velocities recorded from the new anterior 
sample position are merely similar or indeed the same as those sampled from the 
original position remains unknown and will requires further investigation. It seems 
possible that the sudden reduction in velocities from the original sample position, 
which is then suddenly replicated from a new anterior position 56° away could be 
explained by an immediate shift in the trajectory of right ventricular long axis fibres 
following the full opening of the pericardium. 
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Figure 8-3  Polhemus liberty Motion tracking system. Directions 
below given with reference to probe direction 
Units are degrees, given to nearest degree.  
Azimuth – x axis; Elevation = y axis; Roll – z axis 
X axis points forward; Y axis points right; Z - axis points down.  
Direction of arrows (on adjacent figure) indicates positive angle.  
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Figure 8-4: X axis (roll) using the Polhemus liberty Motion tracking system.  
X (Roll) represents the anterior twisting (steering) of the probe while recording pulsed wave Doppler samples from the new 
position. The Polhemus system mapped a mean difference of 56.3±11.8° between from the original and anterior sampled position. 
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Reproducibility table for TTE data – Inter-variability  
 
Transthoracic
Reproducibility
Type of surgery CABG AVR Rob CABG  Mini AVR  
 (n = 30)  (n = 20)  (n = 15) (n = 8)
 Transthoracic Coefficent of variation Mean Coefficent of variation Mean Coefficent of variation Mean Coefficent of variation Mean
Echocardiography
RV EF % 0.122 59.3 0.246 57.5 0.131 58.2 0.217 55.9
RV FS % 0.102 23.7 0.128 24.2 0.099 26.2 0.114 27.4
TAPSE (cm) 0.109 1.87 0.089 2.1 0.094 2.4 0.128 2.3
RV PW TDI S' (cm/s) 0.098 9.3 0.132 10.4 0.105 12.9 0.096 11.7
RV PW TDI E'(cm/s) 0.124 6.8 0.1001 8.4 0.1292 8.7 0.117 7.4
RV End Diastolic Vol (ml) 0.157 6.9 0.127 50.8 0.207 63.9 0.142 71.5
RV Area (cm²) 0.114 6.1 0.186 17.2 0.167 19.1 0.132 21.2
Right Atrial Area (cm²) 0.094 6.11 0.104 16.8 0.118 16.3 0.201 18.2
Est PAP (mmHg) 0.168 26.4 0.221 31.2 0.095 22.5 0.099 28.5
TR dT/dP (mmHg/sec) 0.187 462 0.194 425 0.201 372 0.165 354
RV Circum:Length ratio 0.142 3.3 0.129 3.1 0.132 3.3 0.142 3.2
Stroke Volume (cc) 0.173 75.1 0.165 71.2 0.128 61.5 0.152 62.3
CO (L / min²) 0.134 5.2 0.171 4.9 0.131 4.1 0.134 5.1
LV EF % (Simpsons Method) 0.121 52.8 0.189 57.8 0.095 62.4 0.165 54.8
Trans Mitral E/A Ratio 0.162 0.89 0.113 0.95 0.135 1.07 0.104 0.78
TDI E/E' Ratio 0.49 11.9 0.165 8.4 0.211 11.9 0.198 16.9
Septal PW TDI E' (cm/s) 0.135 5.4 0.129 4.7 0.117 6.8 0.189 4.6
Septal PW TDI S' (cm/s) 0.167 5.6 0.163 5.3 0.173 6.2 0.177 5.1
Lateral S' (cm/s) 0.109 0.71 0.095 6.8 0.105 8.5 0.201 5.3
SAPSE (cm) 0.119 1.1 0.113 0.98 0.103 1.35 0.189 0.92
Left Atrial Area (cm²) 0.154 20.1 0.178 23.1 0.187 22.8 0.169 24.5
The reproducibility testing for inter-variability. Data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted all the measurements of the study).  
All values are shown as coefficient of variation (standard deviation ÷ mean) and mean.
 
 
 
Table 8-1 Transthoracic data reproducibility – inter-variability 
Inter-variability data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted 
all the measurements of the study).  All values are shown as coefficient of variation (standard deviation ÷ Mean) and mean.   
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Reproducibility table for TTE data – Intra-variability 
 
 
Transthoracic
Reproducibility
Type of surgery CABG AVR Rob CABG  Mini AVR  
 (n = 30)  (n = 20)  (n = 15) (n = 8)
 Transthoracic Coefficent of variation Coefficent of variation Coefficent of variation Coefficent of variation
Echocardiography
RV EF % 0.115 0.189 0.125 0.207
TAPSE (cm) 0.072 0.084 0.091 0.121
RV PW TDI S' (cm/s) 0.072 0.124 0.096 0.092
RV PW TDI E'(cm/s) 0.091 0.091 0.118 0.111
LV EF % (Simpsons Method) 0.134 0.143 0.169 0.139
Septal PW TDI E' (cm/s) 0.112 0.113 0.096 0.168
Septal PW TDI S' (cm/s) 0.121 0.124 0.152 0.167
SAPSE (cm) 0.108 0.222 0.081 0.159
The reproducibility testing for intra-variability. Intra-variability data was expressed as a coefficient of variation from one experienced operator.
All values are shown as coefficient of variation (standard deviation ÷ mean)
 
 
 
 
Table 8-2 Transthoracic data reproducibility – intra-variability 
Intra-variability data was expressed as a coefficient of variation from one experienced operator.  All values are shown as coefficient of 
variation (standard deviation ÷ Mean).   
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Reproducibility table for TOE data – Inter-variability 
 
Transoesophageal
Reproducibility
Type of surgery CABG AVR Rob CABG  Mini AVR  
Intraoperative transoesophageal Coefficent of variation Mean Coefficent of variation Mean Coefficent of variation Mean Coefficent of variation Mean
right ventricular S' Velocity
Start of operation (cm/s) 0.056 12.3 0.056 13.9 0.049 12.8 0.078 12.9
Post pericaridal insicion  (cm/s) 0.143 5.3 0.107 5.9 0.064 13.1 0.071 14.1
End of case  (cm/s) 0.142 4.6 0.116 5.8 0.066 13.6 0.064 15.1
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom conducted all the measurements of the study).  
All values are shown as coefficient of variation (standard deviation ÷ mean) and mean.
 
 
 
Table 8-3 Transoesophageal data reproducibility 
The reproducibility data was expressed as a coefficient of variation between two independent experienced operators (one of whom 
conducted all the measurements of the study).  All values are shown as coefficient of variation (standard deviation ÷ Mean) and mean.   
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9.0 Appendix II 
Patient information sheet for study: 
Function during and following surgery 
KENSINGTON, CHELSEA & WESTMINSTER HEALTH AUTHORITY 
PATIENT INFORMATION 
 
ASSESSMENT OF RIGHT VENTRICULAR FUNCTION DURING AND 
FOLLOWING CARDIAC SURGERY.  
PART 1 
What is the purpose of the study? 
You are about to undergo a cardiac operation for your current heart condition. This is 
scheduled to take place in the next few weeks. The decision for you to have this operation 
has not been influenced by this study, nor will this study influence your recovery or the 
future management of your condition. The purpose of this study is to find out how the right 
side of your heart, otherwise known as the right ventricle, functions during the operation 
and also at 5 days and then at one 6 months after the operation. The aim of this study is to 
assess if several current surgical procedures affect the function of the right side of the heart 
and whether the external casing of the heart, otherwise known as the pericardium, is 
important for its function. 
Why have I been chosen? 
You have been chosen because you are undergoing one of the surgical procedures that 
we think by studying will help us assess the function of the right side of the heart 
during and after a heart operation. 
Do I have to take part? 
No.  It is up to you to decide whether or not to you want to take part in this study.  If 
you do wish to take part, you will be given this information sheet to keep and you will 
be asked to sign a consent form and keep a copy. You will still be free to withdraw 
from the study at any time, without giving a reason.  A decision to withdraw at any 
time, or a decision not to take part, will not affect the standard of care you receive. 
What will happen to me if I take part? 
If you agree to take part in this study, we will start the study when you come to the 
hospital for your operation. During your hospital stay you will have the routine care 
you would be expected to have and the study itself will not cause any deviation from 
that. 
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The first stage  
A day before your operation, we will assess the right side of your heart with 
echocardiography, the same test which you have already had as part of the work up 
for your operation. This is a simple ultrasound of the heart, which takes approximately 
20 minutes to perform and does not carry any risks.  
The second stage 
On the day of the operation, after you have received your general anaesthetic, we will 
be assessing the function of your heart at different stages; just before the surgeon 
starts your procedure, then during the operation and finally at the end of the operation.  
The assessment will be done with echocardiography. This is used routinely to assess 
the heart during the kind of operation that you are having. 
The third stage 
Approximately 5 days after your operation, whilst you are still in hospital, we will 
repeat the same tests described in stage 1 above. 
The fourth stage 
One month after your operation, you will be asked to come back to St Mary’s hospital 
for a clinic appointment. We will of course notify you of the date of your appointment 
in writing and we will cover the costs of your visit. During your visit, we will perform 
another echocardiogram to assess the function of the right side of your heart.  
 
What will I have to do? 
There are no specific things that you should or should not be doing to participate in 
this study. This study will not influence and will not be influenced by your lifestyle, 
medications or any advice given to you by your regular doctor regarding your heart 
condition.   
 
What are the side effects of this study when taking part? 
There should not be any side effects from taking part in this study. 
  
What are the possible disadvantages and risks of taking part? 
We know of no serious risks that you will be exposed to if you take part in this study. 
 We will though arrange the transport for you and provide refreshments during your 
visit. 
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What are the possible benefits of taking part? 
There are no immediate benefits for you in entering this study, although we hope that 
it will give us more information about your heart and how it works.  
 
What happens when the research study stops? 
By the end of this process we hope to understand whether or not the work of the right 
side of the heart is affected by the operation and whether or not the external casing of 
the heart is involved in any way with the work of the right side of the heart. The 
results of this study may help guide future selection of surgical procedures. 
 
What if something goes wrong? 
We will take every care in the course of this study. If through our negligence, you 
should suffer any harm then you will be compensated. If you are not happy with any 
proposed compensation you may pursue your claim through legal action. 
 
Will my taking part in this study be kept confidential? 
If you agree to take part in this study, data collected about you will be entered on to a 
computer. However, all data entered will be in an anonymous format and any 
information obtained from this investigation from which you can be identified will 
remain confidential.  
 
Contact details 
If you have any further questions please do not hesitate to contact:  
 
Dr Darrel Francis on 0207 7256666 bleep 1118 
 Or 
Beth Unsworth on 0207 594 1264 
 
b.unsworth@imperial.ac.uk 
 
This completes Part 1 of the Information Sheet. 
Thank you for taking the time to consider participating in this study. 
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If the information in Part 1 has interested you and you are considering participation, 
please continue to read the additional information in Part 2 before making any 
decision. 
 
PART 2 
 
What if relevant new information becomes available? 
Sometimes during the course of a research project, new information becomes 
available about the issues being studied which could influence patients’ willingness to 
participate. Although unlikely in this study, if this happens, your research doctor will 
tell you. 
 
What if there is a problem? 
If you have a concern about any aspect of this study, you should ask to speak with the 
researchers who will do their best to answer your questions (Contact numbers above).  If 
you remain unhappy and wish to complain formally, you can do this through the NHS 
Complaints Procedure.  Details can be obtained from the hospital. 
If you are harmed as a result of this study and this is due to someone’s negligence then you 
may have grounds for a legal action for compensation against St Mary’s NHS Trust, but 
you may have to pay your legal costs. The normal National Health Service complaints 
mechanisms will still be available to you. 
 
Will my taking part in this study be kept confidential? 
All information, which is collected about you during the course of the research, will be 
kept strictly confidential. Only the research doctors will have access to the data collected 
and will be kept at secure computers in the hospital. Also this data will be coded therefore 
it will be anonymous. The data will eventually be used for the conclusion of this study and 
will not be used in future studies. The handling, processing, storage and destruction of 
your data will be compliant with the Data Protection Act 1998. 
With your consent we will notify your GP about your enrolment in this study. 
What will happen to the results of the research study? 
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Scientific data from this study may be presented at meetings and published so that the 
information can be used to help others, but your participation in the study will not be 
made known and will be kept strictly confidential. 
 
Who is organising and funding the research? 
This research is supported by the British Heart Foundation. 
 
Who has reviewed the study? 
This study has been reviewed by the Local St Mary’s Hospital ethics committee and 
has also been peer reviewed by other heart specialists who have no connection with 
the study as part of the review by the British Heart Foundation. 
 
 
Patient information sheet for study: 
Evaluation of pericardial physiology in preserving RV 
function 
 
KENSINGTON, CHELSEA & WESTMINSTER HEALTH AUTHORITY  
PATIENT INFORMATION 
THE EVALUATION OF PERICARDIAL PHYSIOLOGY IN PRESERVING 
RV FUNCTION 
 
PART 1 
 
What is the purpose of the study? 
You are about to undergo a cardiac operation for your current heart condition. This is 
scheduled to take place in the next few weeks. The decision for you to have this operation 
has not been influenced by this study, nor will this study influence your recovery or the 
future management of your condition. The purpose of this study is to find out how the right 
side of your heart, otherwise known as the right ventricle, functions during the operation 
and also at 5 days and then at 1 month after the operation.The aim of this study is to assess 
if several current surgical procedures affect the function of the right side of the heart and 
whether the external casing of the heart, otherwise known as the pericardium, is important 
for its function. 
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Why have I been chosen? 
You have been chosen because you are undergoing one of the surgical procedures that 
we think by studying will help us assess the function of the right side of the heart 
during and after a heart operation.  
 
Do I have to take part? 
No.  It is up to you to decide whether or not to you want to take part in this study.  If 
you do wish to take part, you will be given this information sheet to keep and you will 
be asked to sign a consent form and keep a copy. You will still be free to withdraw 
from the study at any time, without giving a reason.  A decision to withdraw at any 
time, or a decision not to take part, will not affect the standard of care you receive. 
 
What will happen to me if I take part? 
If you agree to take part in this study, we will start the study when you come to the 
hospital for your operation. During your hospital stay you will have the routine care 
you would be expected to have and the study itself will not cause any deviation from 
that. 
 
The first stage  
The day before your operation, we will assess the right side of your heart with 
echocardiography, the same test which you have already had as part of the work up 
for your operation. This is a simple ultrasound of the heart, which takes approximately 
20 minutes to perform and does not carry any risks.  
 
The second stage 
On the day of the operation, after you have received your general anaesthetic, we will 
be assessing the function of your heart with a pressure wire. This will be placed in the 
right side of the heart, just before the operation starts, by the anaesthetist. This is a 
very simple procedure, which is carried out routinely during operations such as yours. 
Instead of using the routine pressure wire we will use a more specialised wire, which 
will give us a lot more information about the function and in particular the pressure of 
the right side of your heart.  
During the operation the surgeon will place a tiny balloon over the right side of the 
heart, between the heart and its external casing. This will measure the pressure 
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support provided by the external casing of the heart. This is a very simple procedure 
and will only take 2 minutes to perform with no added risk to you and does not 
involve changing the course of your operation. 
 
The third stage 
Approximately 5 days after your operation, whilst you are still in hospital, we will 
repeat the same echocardiography tests described in stage 1 above. 
 
The fourth stage 
One month after your operation, you will be asked to come back to St Mary’s hospital 
for a clinic appointment. We will of course notify you of the date of your appointment 
in writing and we will cover the costs of your visit. During your visit, we will perform 
another echocardiogram to assess the function of the right side of your heart. We 
anticipate that the duration of your visit will be less than one hour. 
 
What will I have to do? 
There are no specific things that you should or should not be doing to participate in 
this study. This study will not influence and will not be influenced by your lifestyle, 
medications or any advice given to you by your regular doctor regarding your heart 
condition.   
 
What are the side effects of this study when taking part? 
There should not be any side effects from taking part in this study. 
  
What are the possible disadvantages and risks of taking part? 
We know of no serious risks that you will be exposed to if you take part in this study. 
 We will though arrange the transport for you and provide refreshments during your 
visit. 
 
What are the possible benefits of taking part? 
There are no immediate benefits for you in entering this study, although we hope that 
it will give us more information about your heart and how it works.  
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What happens when the research study stops? 
By the end of this process we hope to understand whether or not the work of the right 
side of the heart is affected by the operation and whether or not the external casing of 
the heart is involved in any way with the work of the right side of the heart. The 
results of this study may help guide future selection of surgical procedures. 
What if something goes wrong? 
We will take every care in the course of this study. If through our negligence, you 
should suffer any harm then you will be compensated. If you are not happy with any 
proposed compensation you may pursue your claim through legal action. 
 
Will my taking part in this study be kept confidential? 
If you agree to take part in this study, data collected about you will be entered on to a 
computer. However, all data entered will be in an anonymous format and any 
information obtained from this investigation from which you can be identified will 
remain confidential.  
 
Contact details 
 
If you have any further questions please do not hesitate to contact:  
 
Dr Darrel Francis on 0207 7256666 bleep 1118 
 or 
Beth Unsworth on 0207 594 1264 
b.unsworth@imperial.ac.uk 
 
This completes Part 1 of the Information Sheet. 
 
Thank you for taking the time to consider participating in this study. 
 
If the information in Part 1 has interested you and you are considering participation, 
please continue to read the additional information in Part 2 before making any 
decision. 
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PART 2 
What if relevant new information becomes available? 
Sometimes during the course of a research project, new information becomes 
available about the issues being studied which could influence patients’ willingness to 
participate. Although unlikely in this study, if this happens, your research doctor will 
tell you. 
 
What if there is a problem? 
If you have a concern about any aspect of this study, you should ask to speak with the 
researchers who will do their best to answer your questions (Contact numbers above).  If 
you remain unhappy and wish to complain formally, you can do this through the NHS 
Complaints Procedure.  Details can be obtained from the hospital. 
If you are harmed as a result of this study and this is due to someone’s negligence then you 
may have grounds for a legal action for compensation against St Mary’s NHS Trust, but 
you may have to pay your legal costs. The normal National Health Service complaints 
mechanisms will still be available to you. 
 
Will my taking part in this study be kept confidential? 
All information, which is collected about you during the course of the research, will be 
kept strictly confidential. Only the research doctors will have access to the data collected 
and will be kept at secure computers in the hospital. Also this data will be coded therefore 
it will be anonymous. The data will eventually be used for the conclusion of this study and 
will not be used in future studies. The handling, processing, storage and destruction of 
your data will be compliant with the Data Protection Act 1998. 
With your consent we will notify your GP about your enrolment in this study. 
 
What will happen to the results of the research study? 
Scientific data from this study may be presented at meetings and published so that the 
information can be used to help others, but your participation in the study will not be 
made known and will be kept strictly confidential. 
 
Who is organising and funding the research? 
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This research is supported by the British Heart Foundation. 
 
Who has reviewed the study? 
This study has been reviewed by the Local St Mary’s Hospital ethics committee and 
has also been peer reviewed by other heart specialists who have no connection with 
the study as part of the review by the British Heart Foundation. 
 
Research consent form 
KENSINGTON & CHELSEA AND WESTMINSTER HEALTH AUTHORITY 
ST MARY’S LOCAL RESEARCH ETHICS COMMITTEE 
CONSENT FORM 
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AGREEMENT TO PARTICIPATE IN RESEARCH PROJECT 
 
 
 
 
 
 
Patient Identification Number for this trial: 
 
CONSENT FORM 
Title of Project: 
 
Assessment of Right Ventricular function during and following cardiac 
surgery and evaluation of pericardial physiology in preserving RV function. 
 
Name of Researcher: Beth Unsworth     Ehtics no:  06/Q0403/163    Version (2)  30/11/06     
 
Please tick box 
 
1. I confirm that I have read and understand the information sheet dated 30.11.06  
  (Version 2) for the above study and have had the opportunity to ask questions. 
 
2. I understand that my participation is voluntary and that I am free to withdraw at any time, 
  without giving any reason, without my medical care or legal rights being affected. 
 
3. I understand that sections of any of my medical notes may be looked at by responsible
  
 individuals from [company name] or from regulatory authorities where it is relevant to my 
 taking part in research.  I give permission for these individuals to have access to my  
 records. 
 
4. I agree to take part in the above study.    
 
 
________________________ ________________ ____________________ 
Name of Patient Date              Signature 
 
 
_________________________ ________________ ____________________ 
Name of Person taking consent Date  Signature 
(if different from researcher) 
 
 
_________________________ ________________ ____________________ 
Researcher Date  Signature 
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